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Preface

The Third International Symposium on Land Subsidence was held 19-25 March
1984 in Venice, Italy--a site of major subsidence-induced problems. The
symposium was sponsored by the Ground Water Commission of the International
Association of Hydrological Sciences (IAHS); Italian National Research
Council (CNR); Italian Municipalities of Venice, Ravenna, and Modena;
Italian Regions of Veneto and Emilia-Romagna; and the Venice Province.
Cooperating organizations included the United Nations Educational, Scienti-
fiec, and Cultural Organization (UNESCO); International Association of
Hydrogeologists (IAH); International Society for Soil Mechanies and Founda-
tion Engineering; and the Association of Geoscientists for International
Development (AGID). The papers published in this proceedings represent
selected papers presented orally or by poster at that symposium.

The problems of land subsidence were among those included in the list of
research projects needed during UNESCO's International Hydrological Decade,
which began in 1965, and the International Hydrological Program--a continu-
ation program beginning in 1975. These stated research needs resulted in
the IAHS sponsorship of the International Symposium on Land Subsidence in
1969 in Tokyo, Japan, the Second International Symposium on Land Subsidence
in 1976 in Anaheim, California, USA, and the Third International Symposium
held in 1984 in Venice Italy. All three symposia have been held in loca-
tions of major subsidence problems. A Fourth International Symposium is
being planned for 1989 at some other subsiding area. Papers from the first
symposium were published as IAHS Publications No. 88 and 89 and papers from
the second symposium were published as IAHS Publication No. 121.

The purpose of the Third (Venice) Symposium was to bring together
international interdisciplinary specialists in the problems of land subsi-
dence and to present results of research and practice in the subject; to
exchange with all participants the experiences related to cause, effect, and
control of subsidence and to the remedial works; and to provide a forum for
discussion of the legal, socio-environmental, and economic impact of
subsidence. This symposium was somewhat different from the others in
several aspects. One is that it was broader, more interdisciplinary in
coverage. A second aspect was the ability to finally provide results of
some remedial measures and of environmental and economic consequences that
normally take a decade or two to develop. The program showed the potential
inter-relationships of subsidence characteristics, methods of study, and
means of remedial work. The need for a broad interdisciplinary approach to
any study of subsidence and to correction of resultant problems was another
aspect adequately demonstrated by the program and by the wide range of
sponsors and cosponsors that worked together to develop that program.

The symposium was held at the beautiful Cini Foundation on the historical
Isle of San Giorgio Maggiore, Venice, Italy. The Foundation is a 1,000 year
old Benedictine monastery with meeting rooms still filled with paintings,
tapestries, and furniture of the great Italian artists and artisans dating
as far back as the XVth century. Two evenings had special social events--a
concert of classic Venetian music in an o0ld church and a special guided tour
of an art museum now occupying a former palace. Papers sessions occupied
four days of the week. In mid-week, nearly 200 people took a one-day boat
tour in the Venice Lagoon including places where subsidence occurred due to
water extraction, the island of Poveglia where upheaval had been created by
pressure grouting, to other islands--interesting for their glass and lace
industries, and to tidal-control construction sites. On the weekend
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following the papers sessions an optional two-day field trip by bus took
nearly 100 people to points of subsidence, hydrogeological and historical
interest in areas from Venice through the Po Delta and the Emilia-Romagna
littoral to Ravenna and Modena and return, to Venice. Excellent guide books
were available for the one-day and two-day field trips.

Over 200 attendees from about 30 countries not only received useful
information from the nearly 100 oral and poster papers, but also enjoyed the
pleasures of Italian food, hospitality, and good weather. Presented orally
were fourteen papers on subsidence theory and medeling, five on instrumenta-
tion and measurement, ten on subsidence case histories related to ground--
water withdrawal in six countries (China, Italy, Japan, Netherlands,
Thailand, and USA); eight on case histories related to oil, gas, and
mineral extraction, six on karst "sinkhole" type subsidence, five related to
hydrocompaction and subsidence of organic deposits, three on remedial
measures, and ten related to legal, socio-economic, and environmental
aspects. Six papers also presented a detailed case history on the subsi-
dence project for the Markerwaard, Netherlands, during which session papers
covered all aspects of a study from original planning through geologic,
hydrologic, and geotechnical studies to methods for damage estimates for
buildings and development of remedial measures. Because of time con-
straints, 26 papers were presented by poster sessions. Some of these
authors submitted full-length papers after the symposium. Following review
and any needed revision 85 of the papers have been published in this
proceedings directly from author's prepared copy. Opening remarks also are
included in this volume and Co-chairman Johnson's closing remarks are
incorporated in this preface.

General-Co-chairmen for the symposium were A. Ivan Johnson, Consulting
Engineer, Arvada, Colorado, USA, and Lucio Ubertini, National Research
Council's Institute for Hydrologic Research, Perguia, Italy. Laura Carbog-
nin, National Research Council's Institute for Study of Dynamics of Large
Masses, Venice, 1Italy, was chairperson for local arrangements, and was
assisted by Francesco Marabini, Institute of Marine Geology, CNR, Bologna,
Italy. The Technical Program Committee was chaired by Ivan Johnson, and
Joseph F. Poland, Chairman Emeritus, U.S. Geological Survey, Sacramento,
California, USA. Other members of the committee included Vincenzo Cotec-
chia, CNR Representative, University of Bari, Italy; Soki Yamamoto, IAHS
Representative, University of Rissho, Tokyo, Japan; Pierro Sembenelli,
ISSMFE Representative, Consultant, Milan, Italy; Pablo Girault, Consultant,
ISSMFE Representative, Mexico City, Mexico; Tommaso Gazzolo, IHP Representa-
tive, Rome, Italy; John S. Gladwell, UNESCO Representative, Paris, France;
Aurelio Aureli, IAH Representative, University of Catania, Italy; Robert
T. Bean, IAHS Representative, Consulting Geologist, La Crescenta, Califor-
nia, USA; Prinya Nutalaya, AGID Representative, Asian Institute of Technol-
ogy, Bangkok, Thailand; Laura Carbognin, CNR, Venice, Italy; German Figueroa
Vega, Water Commission Valley of Mexico, Mexico City, Mexico; Francis
S. Riley, U.S. Geological Survey, Denver, Colorado, USA; and H.L. Koning,
Laboratory for Soil Mechanics, Delft, The Netherlands.

On behalf of the Symposium Organizing Committee, we express sincere
gratitude to the cosponsors and cooperating organizations for their finan-
cial or services support to the symposium. Also acknowledged with appre-
ciation are the contributions of the session chairmen, the authors, and
the many people at visited towns and at the Cini Foundation, who gave of
their time, effort, and knowledge to produce the successful program and
field trips. A special thanks goes to Jane Zanin and Betty Johnson who
provided the very heavy typing assistance needed for the symposium. Also a
special thank you to Ruth da Costa, Sabina Gatto, and Alberta da Santi who
kept work flowing smoothly at the registration desk.
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It is hoped that the interdisciplinary nature of the program and of the
sponsorship of this symposium and its proceedings will encourage multidisci-
plinary efforts to solve the many problems related to land subsidence. May
all readers find this publication interesting and informative.

A. Ivan Johnson Lucio Ubertini

Symposium General Co-chairman Symposium General Co-chairman
Woodward-Clyde Consultants Institute of Hydrological Research
4582 South Ulster Street Parkway National Research Council

Denver, Colorado 80237 USA Perugia, Italy
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WELCOMING REMARKS

Gaetano Zorzetto, Deputy Mzyor
Environmental Department
City of Venice, Italy

General co-chairmen, technical committee members, ladies and gentlemen, I
welcome you to our city as participants in this Symposium on Land Subsi-~
dence.

Venice, whose ground level is about 80 cm above the level of the lagoon
vater, is one of the sites where subsidence induced serious consequences on
the environment. In fact during the present century Venice sunk about 25 cm
in the lagoon. Almost half of these 25 c¢m must be ascribed to the heedless-
ness of man. He indeed performed a rash exploitation of underground water
for industrial purposes as the best bargain. It is useless to quantify the
problems, the costs and the risks suffered by this unique city as a conse-
quence of an avoidable but now irrecoverable subsidence. The enormity of
such problems, costs and risks can be easily realized.

The year 1984 will be very important for Venice. After ten years of
studies, discussions and special lavs, a plan of a total intervention for
reclaiming and preserving the lagoon ecosystem, the defense against flood-
ings, and the restoring of city buildings will be defined.

This requires an enormous financial commitment--two million millions lire
in ten years--which will be supported by the local and national govern-
wments. For this reason they need to count on a profound scientific and
technological knowledge.

The choice of Venice as the place to hold the Third International
Symposium on Land Subsidence assumes then an emblematic value for human
intervention in safeguarding its own vital environnent.

It is an honor for the Municipality of Venice tc¢ have had the opportunity
of collaborating with the crganizing conmittee, and especially with the
incomparable Laura Carbognin, in hosting this symposium at the magnificent
Cini Foundation.

I welcome the participants on behalf of the city and I sincerely wish a
productive and successful meeting, the rewards of which I hope will be
beneficial to Venice.



WELCOMING REMARKS

Lucio Ubertini

Institute of Hydrologic Research
National Research Council
Perugia, Italy

Italian National Representative, IAHS

Good morning ladies and gentlemen. It is my great pleasure to greet you on
behalf of the Italian Hydrological Community. First of all I should like to
thank all those who have contributed towards the organization of this
symposium, in particular the General Co-chairman, Dr. Johnson and the
Chairman of Local Arrangement, Dr. Carbognin. They are to be commended for
the way in which they have undertaken much of the work involved in the
general organization, right down to the smallest details. Special thanks
g0, too, to the various organizations which have shown sympathy towards this
initiative by giving us financial support. Finally, a heartfelt thanks to
all those authors who responded to our requests for the presentation of
their studies.

The great number of papers presented at this symposium is a further
demonstration that research in the hydrological field springs from concrete
problems. The planning and development of such research is sharply focused
whenever the results obtained can contribute to resolution of problems of
common interest. The hydrologists' contributions may be aimed at improving
living conditions, as when, for example, they are concerned with the optimum
use of soil or of surface or underground water resources, but they may also
be aimed at conserving property and the natural environment and, sometimes,
even at saving human lives. This may come about when the aim is to obtain
results which permit us to combat such adversities as floods, landslides,
so0il erosion, land subsidence, and s0 on.

And it is precisely in this spirit that I consider the decision to hold
the Third International Symposium on Land Subsidence here in Venice as being
very apt indeed. Venice, like other cities in the same region, and Ravenna,
like other cities in nearby regions, are suffering grave problems connected
with subsidence phenomena.

These two cities merit, and need, particular attention on the part of
scientists and engineers because of the unique position the cities occupy in
the world's historic, artistic and cultural heritage. It is, in fact,
necessary to take action as soon as possible to avert the danger of worsen-
ing subsidence that would cause this priceless artistic patrimony--already
severely tried by years of this phenomenon--to suffer further deteriora-
tion. I believe there are very few other places in the world where a
further slight subsidence would cause such serious damage as would result
here in Venice. If the land continues to subside at the same rate as in
recent years, the already disastrous situation caused by such phenomena as
flooding from high tides would worsen considerably.

I should like to take this opportunity to briefly outline a few facts
regarding the Italian hydrological community, taken from "The Italian
National Report to IAHS" which was presented at the Eighteenth General
Assembly of the IUGG in Hamburg last year. In the period from 1980 to 1983
in Italy, scientific activity in the hydrological field was carried out by
52 organizations, including 37 University Departments and 7 National
Research Council Institutes. In the same period 283 scientific studies of
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an international character were made, of which a large number were concerned
with subsidence phenomena.

Numerous conventions, symposiums and seminars have been organized in
Italy. Particular attention has been given, and is still being given, to
the developing countries--with 3 advanced courses in hydrology and water
resources management being organized every year. Last year the very active
Italian IAHS Committee was organized whose main aim is to promote the
presence of Italian hydrologists on the international scene.

Therefore, it is with enthusiasm and gratitude that we welcome you here
today to the opening of this symposium. The hydrological community looks at
this as an opportunity to confront and verify studies and research that are
being carried out all over the world and also, to hope that this marvelous
city may benefit in some way.

Thank you for you attention, and may your work be fruitful.



WELCOMING REMARKS

Vincenzo Cotecchia
University of Bari
Bari, Italy

Representative of the National Research Council

Mr. Mayor, authorities, general cc~chairmen, colleagues, ladies and gentle~
men, it is an henor for me to represent the National Research Council of
Italy (CNR) at the Third International Symposium on Land Subsidence. On
behalf of the CNR President and myself, I cordially welcome all of you with
the hope that this meeting will bring about scientific results. I hope that
you wWill enjoy your stay here in Venice and that the weather will be warm
like the heart of this city.

I participated in the two previous symposia of Tokyo and Anakeim and T
had the opportunity of noticing both how relevant and wide the topies
discussed were and how deeply the practical and scientific approaches were
dealt with. I have now to consider how and how much the interdisciplinary
methods of studying land subsidence have enlarged with respect to the
previous editions.

The CKR is glad to be among the sponsors of this symposium for many
reasons. The first of them is the interest that the phenomencn of land
subsidence induces in the Italian territory; in fact, it was one of the
fundamental topics of the CNR special project called "Conservazione del
suolo" (Land Congervation) which recently ended after six years of activity.

The cases of land sinking in the Po River Delta, Bologna, Pisa, Modena,
and particularly Venice and Ravenna, caused by the remcval of fluid from the
subsoil, are well-known. But unforturately these are not the only phenom-
ena: cases develop with a variety of features and causes, ranging from the
acceleration of natural compaction of some areas to these suddenly induced
by quarries, karst, to those devastating aspects scmetimes slow, sometimes
sudden relate¢d to the magma evolution in shallow depth wp to real earth-
quakes.

Careful attention has been devoted by CNR to these dramatic and stimulat-
ing topics as evidenced by the many Italian papers presented at this
symposium.

Last but not least, the fundamental reason testifying the massive
participation of the CNR in this meeting is that right here in Venice some
researchers of CNR from Istituto Studio Dinamica Crandi Masse, first begun
succesesfully in Italy, systematic studies on the sinking phencmena of Vernice
and the Po Valley, carrying out highly qualified research 1leading to
results well-known among the international scientific community.

At this point I want to recall ore of the scientists of the above
mentioned institute: Dr. Paolo Gatto, who recently died prematurely. His
intelligent and untiring scientific activity in the field of land subsidence
is in the final report of the closing session of the special project
"Conservazione del Suolo", as well as in the posthumous papers presented in
this symposium.

I have also to mention the attentive activity of CNR and its researchers
in disseminating knowledge of the problems related to land subsidence also
among non-technical people. Scientists who really feel the meaning and the
gravity of the environmental situations revealed by their studies, have to
play the role of sensible citizens of their country if they care about the
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results of their work. In fact, they link their scientific activity to that
of disseminating knowledge and results. And so I am very pleased to
realize that this meeting has been enthusiastically sponsored not only by
the scientific organizations but also by political and local cnes in the
conmon goal of reducing the damage that land subsidence produces on the
territory.

On this occasion we urge political and lccal authorities of our country
to work hard together on the study of organic laws relative to the protec-
tion of the territory. This cooperation will undoubtedly arise on careful
application of all natural resources, a strict control of human activities
as a safeguard from catastrophic events.

The large participation in number of both qualified papers/posters
presentations and experts are certainly the best base for the success of
this symposiunm. The organization is excellent. Let me give my particular
thanks to Drs. Ivan Jchnson and Laura Carbognin for the untiring and
passionate work done.

Concluding wmy opening remarks, I am sure that CHR will give the proper
evaluation to the resuits derived from this meeting. Moreover, in the rcle
of the scientific counterpart in dealing with political authorities, CHNR
will not only properly transfer the results accomplished, but alsc intensify
studies, research and surveys and promote cooperation at all levels.




WELCONING REMAEKS

Laura Carbognin, CNE
Istitute Studio Dinamica Grandi Masse
Venezia, Italy

Chairman for Local Arrangements

General Co-Chairmen, Technical Committee members, ladies and gentlemen, we
are very pleased to wvelcome you to this meeting.

Let me say that Venrice is probably one of the most appropriate places to
hold a symposium on land subsidence because of the worldwide interest in its
sinking. This interest is due not to the magrnitude of the subsidence but to
the particular site where it took place and for the concern it created above
all in terms of floodings.

By the way, Professor Vincenzo Cotecchia on behalf of CHRE and Mr. Gaetano
Zorzetto as deputy mayor of Venice have already appropriately dealt with the
choice of Venice as the site feor this third editicn of the symposium.

I don't think it is necessary to recall either the scientific importance
cr the fundamental issues of such a meeting; the presence here of scientists
and experts from twenty-five countries and the information and knowledge
provided by the authors of the more than ninety papers and posters speak for
themselves. I warnly welcome all of you; I wish you a successful and
productive meeting and enjoyment of the city and the scheduled field trips.

I wish also to thank the sponsors and co-sponsors of this symposium among

whom in particular the following local organizations:
The Municipality of Venice for hosting the wmeeting at the magnificent Cini
Foundation; the Province of Venice, the Municipality of Ravenna, the Veneto
and Emilia-Romagna Regions for their financial support and help during the
field trips; the Municipality of Modena which printed the guidebocks and
will give us a special hospitality during the two-day field trip; and
finally the Province of Ferrara which will kindly host us at the Mesola
Castle during the trip.

My welcoming address to you has a somewhat deeper meaning today not only
because I live here and I have locally organized this meeting, but because
it is on this occasion that I want to recall the memory of ny colleague and
friend Paclo Catto, with whom I started organizing this symposium and who
unfortunately and suddenly passed away last June. In dedicating this
neeting to him I prefer to express myself in Italiarn not only because it is
more spontaneous and more expressive for me, but also as a tribute to him,
since Paoclo was not very familiar with English and I'm sure that he would
appreciate this tolen of personal friendship from all of us.

Ricordare e commemorare brevemente
1'amico e collega Paolo Gatto non %
un comnpito facile. Infatti per
gquanti hanno avuto l'opportunita di
concscerlo & evidente 1'impossibil-
ith di poter parlare di lui con
poche frasi, ognuna delle quali
sembrera insufficiente a delinearne
la figura sia da un punto di vista
scientifico che umano. E d'altra
parte chi nor lo conosceva non potra
comprenderne il valore ne valutarne

It is not easy to commemorate in a
few words Paolo Gatto, our colleague
and friend. Indeed, for all those
who had the opportunity of knowing
him it is clearly impossible to
speak of him with Jjust a few
sentences, each of which seenms
insufficient and limiting from both
a scientific and human point of
view. On the other hand, those who
did not know him will not be able to
understand his value and evaluate



la grande perdita attraverso parole
comunque inadegaute a ricordarlo.

Sotto l'aspetto scientificc la
formazione di Pacloc e avvenuta
pressc l'Universita di Padova dove
nel 1963 si e laureatc in Scilenze
Geologiche con il massimo dei voti e
lode e dove ha trascorso i primi
anni sucessivi la laurea dedicandosi
sia all'attivitd didattica, sia
all'attivitd di ricerca nel campo
della geologia struttruale e
stratigrafica delle Alpi, fornendc
numerosi contributi scientifici.
Nel 196G entro come ricercatore nel
CNR presso 1'Istitutc per lo Studic
della Dinamica delle Grandi Masse di
Venezia. Qui diede l'avvio a studi
articolati e completi sulla subsi-
denza dellia pianura Veneto-Romagnola
cor: particolare riguardo alle aree
di Venezia e Ravenna.

Egli fu sewmpre sostenitore della
necessita di studi interdisciplin-
ari; e su questa base mise a punto
agili metodologie di indagine, oggi
comunexente adottate in questo tipo
di ricerca. Egli inoltre promosse
contatti tra studiosi di discipline
diverse che difficilmente senza il
suo intervento avrebbero avviato
studi e ricerche in collaborazione.

Parte della sua attivita scien-
tifica fu inoltre rivolta a studi
stratigrafici, idrogeologici e
palecnorfologici rigaurdanti 1la
laguna di Vereziaz, della quale ha
precisato l'origine, l'evoluzione
naturale e quella indotta dall'uowmo.

Lo stesso dipartimento ambiente
del Comune di Venezia lo ha spesso
chiamato a studiare problematiche
sulla laguna e sulla citta di
Venezia, da lui tanto amata.
Incltre come e-sperto del settore
faceva parte del Gruppo UMESCO per
gli studi ambienta 1li su Venezia.

Alle sue indubbie doti di acuto
ed intelligente ricercatore univa
quelle di onesth, generositd ed
umanitd nel lavorc ¢ nella vita.
Doti che hanno fatto di lui una
persona amata e stimata da quanti lo
hanno conoseiuto. La sua improvvisa
scomparsa ha privato il mondo/
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the great loss through simple words,
however inadequate in remeubering
him.

In the scientific aspect, Faolc
Gatto's formation began at Padua
University where he reccived his
degree summa cum laude in geologi-
cal sciences in 1963 and where he
spent his first professional years
teaching and doirg research in
structural geology and stratigraph-
ies of the Alps. In 196S he joined
CER as a researcher at the "Isti-
tutc per lo Studio della Dinanica
delle Crandi Masse", in Venice,
where he set in motion manifold
studies onr land subsidence of the
Po Plain with particular regard tc
the areas of Venice and Ravenna.

He always supported interdisci-
plinary studies and with this in
mnind perfected research umethods
which are today commonly used in
this field. He promcted contacts
between experts in different
fields, who, without hkis contribu-
tion, would, only with great
difficulty, have started to collab-
orate on studies and research.

Part of his scientific activity
was directed towards stratigraphi-

cal, hydrogeolcgical and paleomor-
phological studies concerning the

Venice Lagoon detailing its origin,
natural evolution and man-induced
trends.

The environmental department of
the Municipality of Venice often
called on him to study the problems
of the lagoon and the city cf
Venice that he loved so much.

As an expert in this sector he
was part of the UNESCO grcup of
Venice environmental studies.
Quite apart from his undoubted
talent as a perceptive, intelligent
researcher, his honesty, generosity
and humanity both in work and in
life were outstanding, making hin
beloved and esteemed by all who
knew him. His sudden death deprived
the scientific conmmunity of a
precious researcher and took
from his friends an irreplaceable
person. In his dedication to bhis



scientifico di un prezioso ricerca-

tore, e ha tolto alle persone
a lui vicine una presenza
insostituibile.

Nella sua dedizione al laverc che
svelgeva con passione egli aveva una
enorne carica di generosita verso i
colleghi tra i gquali ccmbatteva
invidie e rancori favorendo il
rispetto reciprococ ccme regola di
convivensza.

Si pud dire che nel mic Istituto
e negli altri ambienti che egli
frequentava non ci sia persona che
in un modo o in un altro non abbia
ricevuto molto da Paolo Gatto e non
serbi di lui un ricordo piﬁ che
caro.

Nel ricordo ricorrente, tra
colleghi, emergono aneddoti o frasi
che henno lasciato un segno. Valga
per tutto cio la definizione che
l'amico Francc Marabini ne ha dato
recentenente chiamando Paoclo Gatto
"una persona rara®. Chi 1'ha
conosciuto trova certo questo
appellativo particolarmente adatto
ad esprimere lo stato d'animo
collettivo.

E davvero come persona rara 1lo
ricorda chi vi parla, che ha
collaborato con lui lungo un arco di
tempo prossino ai quindici anni:
persona rara, come si & detto, per
quanto ne proveniva di conoscencze
scientifiche e vitd umare.

Ringraziamo quindi, nella
memoria, Paolo Gatto e ringraziamo i
presenti, anche quelli che non
ltavevano conosciuto per la loro
attenzione.

1A

work, which he did with great

passion, he was generous towvards
his colleagues, fighting envy and
rancor, encouraging reciprocal

respect as a rele of living and
working together. I can say that
in my institute and in the other
circles he frequented, there is not
one perscn wWho in one way cor
another has not received a lot from
Paolo Gatto and who does not have a
very dear nemory of him.

In the recurrent recollections
of him among colleagues, anecdotes
or phrases emerge which have left a
mark. Our friend Franco Marabini
recently called Paclc Gatto "a rare
person®; thcse whe knew him regard
this definition as particularly apt
at expressing the general state of
mind. And it is as a "rare" person
that I remember Paclo Gatto, having
collaborated with hin for nearly
fifteen years; a rare person for
becth his scientific knowledge and
huran virtues.

Our thanks, then, in nemory of
Paclo Gatto, to all of those
present even if they did not know
himw personally, for their kind

attention.







OPENING REMARKS OF PROGRAM CHAIRMAN

A. Ivan Johnson

Consultant

Woodward-Clyde Consultants
Denver, Colorado 80237 USA

Land subsidence, or land-surface sinking, has become a major man-induced
hazard in many parts of the world--including here in Venice. Many of the
subsiding areas have become known only in recent years, and have taken place
primarily since World War II as a result of the rapidly increasing popula-
tion and industry. Man's continuing development of ground water, gas, oil,
and minerals has been changing the natural fluid regime in the subsurface at
many locations throughout the world. Unfortunately, most planners of
industrial complexes, urban developments, and water supply systems are not
adequately informed about the potential hazards, costs, and the socio-eco-
nomic and environmental problems that can result from land subsidence.

Subsidence can result from the compaction of sediments due to heavy
withdrawal of water, oil, or gas and extraction of solids through mining, by
the shrinkage and oxidation of organic deposits, the withdrawal of fluids
for geothermal power, and the collapse of sediments contained in karst
terrain. Many areas of subsidence are known, some having subsided as much
as 10 m. Many more areas are likely to develop in the next few decades as a
result of accelerated exploitation of natural resources, especially ground
water, in order to meet the demands of the increasing population and
industrial concentrations throughout the world.

Most areas of known subsidence are along coasts where the land sinking
becomes quite obvious as the ocean or lake waters gradually creep higher and
higher up the shore. The program for this symposium will show that flooding
of populated and industrialized areas is a major problem resulting from
subsidence of coastal areas at Tokyo, Japan; Houston, Texas, USA; Shanghai,
China; Bangkok, Thailand; and Long Beach, California, USA. Estimates of the
costs of damage or of remedial measures will be shown to be in the billions
of dollars. Such subsided areas--Tokyo is an example--frequently must be
protected from flooding as much as several meters by construction of
extensive systems of dikes, flood walls, locks, and pumping stations.
Other papers will show that changing gradients due to subsidence can
seriously effect the capacity or drainage pattern of canals, drains, sewers,
and streams. Structural failure of buildings, pipe lines, railroads, and
other engineering structures at the land surface has occurred in some areas
due to the slow tensional or compressional stresses caused by flexure of the
sediments or due to the sudden, calamitous collapse of sink holes in karst
areas. Compressional or shear failures of oil, gas, or water-well casings
also occur frequently.

Subsidence due to ground-water withdrawal will be seen to range from
about several hundred millimeters in Venice to about 10 meters in Mexico
City, Mexico and the San Joaquin Valley, California to 15 meters in the
Cheshire District of Great Britain, where rock salt has been mined by
solution since Roman times. The areal extent of reported subsidence world
wide is reported to range from 10 square kilometers in the San Jacinto
Valley to 14,000 square kilometers in the San Joaquin Valley, both in
California. )

Other than with karst sink-hole conditions, subsidence usually is a
subtle phenomenon. Despite the often large areal extent, the rate of
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subsidence may be relatively slow and so widespread that the problem is not
readily evident until underground pipelines crack, well casings buckle, or
shorelines are flooded. With modern technology, such as fluid injection to
replace withdrawn water or oil, it is reported that subsidence can be
slowed or stopped. However, it should be noted that subsidence is essen-
tially permanent. There is no known method at present for raising the land
surface back to its former elevation, although a small island in the lagoon
of Venice has been raised above flood level by high pressure injection of
fluid grout.

More information on subsidence is available in a new UNESCO publication.
Dr. Joseph F. Poland chaired an UNESCO/IHP Working Group on Land Subsidence,
which consisted additionally of Laura Carbognin of Italy, Soki Yamamoto of
Japan, German Figueroa Vega of Mexico, and me from the USA. The working
group's purpose was to put our collective information and knowledge together
into a publication entitled "UNESCO Guidebook to Studies of Land Subsidence
Due to Ground-Water Withdrawal." This 327-page volume can be ordered from
UNESCO in Paris, or its publishing outlets in many countries.

In conclusion, our Symposium Organizing Committee hopes this Third
International Symposium will provide a good forum for the sharing of useful
ideas and experiences. It is fervently hoped that this symposium and the
subsequent proceedings will bring to the attention of planners, developers,
and politicians, as well as other scientists, what might be called "man's
participation in a natural hazard--land subsidence."

I now open the technical paper sessions of the Third International
Symposium on Land Subsidence. As the first step, I will read the following
citation in honor of Dr. Joseph F. Poland, to whom this symposium and
subsequent proceedings are dedicated, in recognition of his world-renowned
work in land subsidence and his long role as the Father of Land Subsidence
Hydrology.

Citation

Dr. Joseph F. Poland received his A.B. in geology from Harvard University,
and M.A. in geology and Ph.D. in hydrogeology from Stanford University. For
10 years prior to joining the U.S. Geological Survey, Dr. Poland worked as a
geologist with an o0il company in South America, taught at Stanford Univer-
sity, and consulted in the southwestern United States on geologic and
hydrologic problems related to ground-water development.

Dr. Poland began his distinguished career with the U.S. Geological Survey
in 1940 as geologist assigned to complex investigations of geology, hydrol-
ogy, and geochemistry of ground waters beneath the Los Angeles coastal
plain. In 1946 he was placed in charge of the state-wide ground-water
investigations and associated research programs in California. His leader-
ship during that assignment led to the delineation of the major aquifer
systems and their storage capacity which proved to be so essential to the
development of the world's largest and most expensive water development
pro ject--the California Water Plan.

From 1956 to his recent retirement, Dr. Poland was responsible for
planning and carrying out fundamental research related to land subsidence
and associated studies in the mechanics of aquifer systems. This research
led to the saving of millions of dollars of irrigation, aqueduct, and
highway construction costs in areas of potential subsidence in California.

Dr. Poland developed an international reputation of renown in his field.

He has been called in as an expert consultant in many parts of the U.S. and
internationally by organizations such as UN, Unesco, and FAQ. He served as
the Chairman of the Unesco Working Group on Land Subsidence, which has
produced the Unesco Guidebook to Studies of Land Subsidence Due to Grounde--
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water Withdrawal. He is a registered Geologist and certified Engineering
Geologist in California. He has been active on many inter-agency committees
and on organizing committees for international symposia and workshops. 1In
1968 he received the Department of the Interior's Distinguished Service
Award for his outstanding scientific achievements, and in 1970 he received
the Association of Engineering Geologist's Clair P. Holdredge Award for a
paper considered an outstanding contribution to the profession of engine~
ering geology.

Dr. Poland has authored more than 50 important scientific papers and
reports on geohydrology, subsidence, geochemistry, mechanics of aquifers,
and related aspects of hydrology.

By personal example, Dr. Poland has provided noteworthy leadership and
has stimulated the flow of ideas and production of scientific contributions
of co-workers. He particularly motivated the younger geologists and
engineers with whom he worked during his U40-year career with the U.S.
Geological Survey and is highly revered by such colleagues today, not only
as an outstanding scientist but as a gentleman and a friend.

Dr. Poland's stature and reputation as a scientist, nationally and
internationally, are outstanding. In recognition of his many achievements,
the Proceedings of the Third International Symposium on Land Subsidence is
dedicated to Dr. Joseph F. Poland.

Complimenting Dr. Joseph F. Poland
(center) on his citation for outstanding
achievement in land subsidence research is
A. Ivan Johnson (right) Symposium General
Co-chairman. Looking on with pleasure is
Dr. Poland's wife, Eleanor (left).
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ONE~DIMENSIONAL LAND SUBSIDENCE WITH VARIABLE TOTAL STRESS

M. Yavuz Corapcioglu
Dept. of Civil Engineering, University of Delaware
Newark, Delaware 19716 USA

Jacob Bear

Dept. of Civil Engineering, Technion-Israel Institute of Technology
Haifa, Israel

Shashi Mathur
Dept. of Civil Engineering, University of Delaware
Newark, Delaware 19716 USA

Abstract

The variation of total stress is observed in many cases where the overburden
load decreases or increases due to changes on the ground surface or water
table fluctuations. In this study, starting from three dimensional coupled
equations of mass and equilibrium developed by Corapcioglu and Bear (1983)
and introducing elastic stress-strain relations with variable total stress,
we obtain a (vertical) one-dimensional model for surface settlement due to
water table lowering in a vertical soil column. The model follows a set of
solid particles, F, = 0, which at some initial time coincides with the
phreatic surface, Fh = 0. Numerical results are presented graphically at
the spatial and temporal points of interest for a value of the resistivity
of the fixed semipervious lower boundary of the aquifer.

Introduction

The phenomenon known as land subsidence is the settlement of the land
surface due to any of several factors among which the most important is
fluid withdrawal. This withdrawal reduces the pressure in the pore water,
that in turn increases the effective stress and thus causes compaction of
the solid skeleton of the aguifer. In addition to land subsidence in con-
fined aquifers, unconfined aquifers may also experience land subsidence due
to lowering of water table, The loss of buoyancy of solid particles in the
zone dewatered by the falling water table causes a decrease in the total
(overburden) stress in the aquifer. Other examples of similar nature are
the change of overburden load due to flooding of extensive areas and ex~
cavation and dewatering for construction purposes. Also, the fluctuations
in water level in a reservoir would induce changes in total stress over the
confined aquifer beneath. In estuaries and salt marshes, periodic tidal
movements or the movements of sand dunes or surface infiltration would
create changes in total stress which causes land subsidence.

Previous Studies

The variability of total stress in soil consolidation problems has been
studied by several researchers in the literature. Gibson (1958) formulated
a consolidation equation in terms of excess pore pressures in a soil which
increases in thickness in time due to accreting soil layers. Koppula (1983}
studied a similar problem in which, instead of addition of fresh soil layers,
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soil layers are removed at the top due to erosion and excavation and the
sediment thickness decreases with time. It has been found that the defi-
cient pore water pressure at any instant is a function of the ratio of the
depth to the thickness of soil removed up to that instant and the ratio of
the rate of soil removal to the swelling coefficient of soil. We should
note that in the formulation the coefficient of consolidation is replaced
by the coefficient of swelling. Baligh and Fuleihan (1978) studied a
problem where the consolidation of deep clay deposits due to surface load-
ing produces large surface settlements that cause significant changes in
the stresses in the underlying clay and result in an unusual consolidation
behaviour. They developed a one-dimensional theory of primary consolida-
tion that accounts for the reduction in stresses caused by the settlement
of a clay layer. Deviations from Terzaghi's theory due to changes in
stresses caused by settlements are shown to increase with the compressi-
bility of the clay layer and therefore become important in deep soft clay
deposits. The resulting stress changes affect the final settlement, the
excess pore pressures, and the rate of settlement.

Kashef and Chang (1976) developed a finite-difference numerical solution
to determine the land subsidence due to groundwater pumping in unconfined
aquifer overlying an aquitard. The changes in pore water pressure within
the aquitard due to pumping from the upper unconfined aquifer are considered.
The total land subsidence resulting from the compressiblity of both the
aquifer and the aquitard is determined in the vertical direction by a time-
dependent summation procedure based on the consideration of the pressure
head diagram in the same direction. Madhav and Basak (1977) presented
analytical solutions for rate of subsidence and pore pressure distribution
in an aquitard caused by a sudden increase in the effective (intergranular)
stress due to an instantaneous lowering of the water table in an over-
lying phreatic aguifer. They assumed a non-Darcy flow expansion of non-
linear type. In a comparison of Darcian and non-Darcian flow, Madhav and
Basak inadvertently concluded that subsidence and pore pressure distributions
are independent of the thickness of the deforming medium and drawdown for
Darcian flow. Safai and Pinder (1979) have considered three-dimensional
land subsidence in an unconfined aquifer. The region above the water table
was considered as an unsaturated porous medium. The equations governing
saturated-unsaturated soil deformation are obtained as a simplification of
multiphase formulation. Soil deformation due to flow of two immiscible
fluids can be described by a general three-dimensional deformation field
coupled with a three-dimensional flow field. The system of nonlinear
partial differential equations governing saturated-unsaturated flow in a
deforming porous medium was solved using an iterative Galerkin Finite
Element technique. Safai and Pinder did not consider the variability of
total stress in their formulation. Hemond et al. (1984) have formulated
surface infiltration resulting from tidal flooding in a saturated com-
pressible salt marsh. The effect of variable total stress has been in-
cluded in a general equation in terms of piezometric head. Later, the
resulting equation for the dynamic component of the piezometric head which
varies only in response to the movement and storage of water in soil has
been solved analytically.

Corapcioglu and Bear (1983) developed a mathematical model for the areal
distribution of drawdown, land subsidence, and horizontal displacements due
to groundwater pumping from a deformable phreatic agquifer. Following the
development of a three-dimensional mathematical model consisting of a mass
conservation equation, quasi-static equilibrium equations, and stress-
strain relations for an assumed perfectly elastic solid matrix, a regional,
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horizontal two-dimensional model is derived by averaging the three-
dimensional model over the vertical thickness of the aquifer, taking into
account the continuous variation in total stress as a result of water table
fluctuations. The separate movement of a fluctuating phreatic surface and
that of a surface of solid particles, which initially coincides with the
former, as well as the compaction of the agquifer, have been incorporated
into the averaged model. An analytical solution is given for the case of
a simple pumping well. Corapcioglu and Bear (1983) assumed that the change
in total stress, referred to as excess total stress, at any point within
the saturated domain is due to the change in overburden (soil and water)
weight directly above that point. This approximation, referred to as the
plane incremental total stress, is sufficiently good when the change in
overburden weight is more or less uniform over the considered area. In
principle, however, one may obtain this change by solving a boundary value
problem for total stress which takes into account the changes in stress
boundary conditions.

In this paper, the problem of land subsidence, drawdown, and pore
pressure distribution with variable total stress caused by lowering of
the water table in a vertical column of an aquifer, overlying an aquitard
of small thickness is studied. BAn idealized definition sketch of the
problem is given in Fig. 1.

Theory
We start with the conservation of mass equation for water in a saturated
porous medium.
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where gre is the specific excess discharge of the water relative to the
moving solids, p® is the pressure in the water (positive for compression),
n is the medium's porosity, € = V-U is the volumetric strain of the soil
matrix, U is the displacement of the soil matrix, B is the coefficient of
water compressibility, and t is time. Because we are interested only in
subsidence, we separate the flow into a steady flow without subsidence, and
an excess unsteady flow producing subsidence. In eq. (1), we denote the
latter by supersrcipt e. The details of the derivation of eq. (1) and the
other equations in this theoretical development are given in Bear and
Corapcioglu (1983).

In the unconfined aquifer problem considered in this paper, the upper
boundary of the saturated zone, that is the water table, and the upper
boundary of the compacting soil do not always coincide. Therefore, we have
to make a clear distinction between two surfaces. The first one is the
phreatic surface, described by Fh(z,t) = 0, and the other is a set of points
defining a surface, Fz(z,t) = 0 (see Fig. 2). 1If Fl(z,t) = 0 describes the
semipervious lower boundary (e.g., an aquitard) then eq. (1) is valid in the
region of thickness B = F; - F, . Let the surfaces Fj, = 0 and Fy = 0 coincide
at some initial time t. At some later time t + At, the surfaces are dis-
placed, with the drawdown, s at the water table, the displacement UZIFZ at
the surface, F, = 0 which consists of a set of solid particles. If F;"- F,
= D and the lower boundary F; = 0 is stationary, then UZIF =D - D°.  Here
we consider a continuously declining water table and a comﬁacting soil. We
also assume that soil compaction is produced only within the saturated flow
domain where changes in water pressure occur. Then it is transmitted upward,
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without change, to ground surface, where the land subsidence is observed.
In other words, we assume that no consolidation takes place in the unsatu-
rated zone above the water table. In reality, the displacement may be
attenuated due to changes in the moisture content in this region.

Then, following the Terzaghi's concept of effective stress, we write

g=g' -l (2)

where ¢ is the total stress, g' is the effective stress, and I is the unit
tensor. We assume that the soil matrix is isotropic and for the relatively
small compaction here behaves as a perfectly elastic body, for which the
stress—-strain relationship is given by

o' = [V U+(V »7] + AVwy (3)
where G and A are the Lamé constants. The superscript T shows the
transpose of a matrix.

We may now return to eq. (1), and with vertical consolidation only

9e® - q 90'°
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where o is the coefficient of matrix compressibility , eg. (1) would vield

e ap°® 00"
Veq_ +(a+n3)5§z—+aﬁ=o (5)

In egs. (1) and (5), we express q, by Darcy's law

k

= e
?r = - E—(Vp + pgVz) (6)
where k is the medium's permeability, g is the gravitational acceleration,
and z is the vertical coordinate. When there is no change in total stress,
e.g., in confined aquifers, the last term of eqg. (5) would vanish. 1In
this study, we deal with variable total stress, that is, the change of
excess total stress at any point within the saturated domain is related to
the change in overburden weight of soil and water directly above that point
due to the decline of the water table.

Lowering of the water table and associated compaction of the saturated
zone will reduce the value of total stresg. We assume that the change in
excess total stress takes place only in the vertical direction. We
also assume that the excess total stress at any point in the saturated zone
between by and h can be represented by thé excess total stress at the mid-
point, z, of that zone. We further assume that the bottom surface bl
remains fixed. These assumptions lead to

e ey s
o, = oz E— - E{nyw+(l—n)]ys] +(s—Ab2)[60yw+(l~n)Ys] (7)
where Ab, =b.° -~ b, s = 1n° - n. Superscript o denotes the initial con=-

figuration of the respective surfaces. s is the drawdown, Y, and Y_ are
the specific weights of water and soil grains,respectively, and 6, is the
irreducible moisture content of the soil above the water table. Y _* =

ny +(l-n)y_ is the specific weight of saturated scil. Note that A 2=—UziF .
For s >> Abz, eqg. (7) can be approximated by 2
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ny + (l-n)y
e _ ~ w 5 8
OZ == s[ 5 + SYYJ (8)

where S_ = n =~ 60 is the specific yield of the phreatic aquifer.

Roundary Conditions

For the phreatic surface, Fy, = 0, which serves as the upper boundary of the
saturated zone in the unconfined aquifer, based on the continuity of flux
across the phreatic surface, Corapcioglu and Bear (1983) obtained

e s
%@, R v
h

(9)

where we neglect the rate of accretion which may introduce additional flux
due to surface sources such as rainfall. We should note that on the
phreatic surface, the pressure is always atmospheric, and hence

pl, =0 (10)

The lower boundary is a semipervious surface Fqiv through which leakage
takes place. This corresponds to an aguifer-aguitard system where the
aquitard has a finite thickness. We assume that the aquitard behaves like
a membrane with negligible compressibility. Furthermore, it is assumed
that the flow in the agquitard is vertical. This assumption is valid when
the permeability of the aquifer is much larger than that of the aquitard.
Then, if this surface is a material surface with respect to soil particles,
the boundary condition on this surface based on continuity of flux is

e e
R [ |
Yw _+d! Yw F

e 1 1
Iy VE) = 3 /K" (11)

where d' and K' are the thickness and hydraulic conductivity of the aquitard
respectively. d4'/K' is referred to as the resistivity of the membrane.
For simplicity, let us take p®/¥ IF +3' = 0. In reality, the pore pressure
outside the aguitard would have" 1 a non-zero value. This assumption
is justified in view of the fact that K' << K where K is the hydraulic
conductivity of the aquifer. Then eqg. (11) would yield

p° |

e F

p_
3z Fl

_ 1 K'

= Rar/K" vw<1 + K) (12)
We should also note that the initial pressure distribution is

hydrostatic, i.e., p(z,0) = yw(Do—z).

One Dimensional Numerical Model

The governing equation (5) will be solved in a one-dimensional (vertical)
flow field. The flow in the unconfined aquifer is only in the vertical
direction due to the lowering of the water table. Accordingly, the dis-
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placement field U has only the vertical component. Then, the substitution
of egs. (6), (8), and (9) into eqg. (5) would yield an equation only in terms
of excess pore pressure. Eq. (9) is employed to express drawdown in terms
of vertical pore pressure gradient at water table. Then

2 e e
4
s ¥R gy gy

v 2 et 32 w (13)
Z

n iFh
where C, = K/[y_(a+nB)] and T =-xa{ ( [0y, +(1-n)vg]1/(28,vy) -1V (04nB) . The
constant C,, is gnown as the coefficient of consolidation in soil mechanics.
The solution of eqg. (13) subject to boundary conditions given by egs. (10)
and (12) would give estimates of the pore pressure. To achieve this, we
employed the Galerkin finite element method. The method involves the
approximation of p® with

n
e
- .Z N, (z) P (t) (14)

i=1

where N; (z) are known interpolation functions. After the application of
the Galerkin techniques, eqg. (13) would give

a, E , aw;  an,
S E Y v MR I L PR Tl P et
1
ar,
- R — < > =
I 5 P, Ny I lep <Ny > (15)

With an implicit scheme for time derivative, eqg. (15) becomes

ap, |F v aN, an, ap,
-c —= N, h+1?.t+Atc < —-—1'>+L<N_,N.> - g —T <N. >
3 1 v i3

v dz - dz ' dz At dz Fh j
1 t
Py
= =< > >
AT Ni,Nj + J yw Fh-<Nj (16)
where At is the time step. Once the pore pressure values are calculated,
we can obtain the temporal change of drawdown by egs. (9) and (6). In
one~dimensional form
e
As = X At E}B._l + Yj[ (17)
Sy dz 'F w
y W h
where As is the incremental drawdown. To calculate s at time t+At
st+At = st + As (18)

. To obtain a one-dimensional expression for Abj, we write Gzée from eq. (3),
substitute it to eq. (2), employ eq. (8)

Ym* aUZ s
— - 3 = ——— = 19
s 5+ Sy le (A + 2G) sm T3 Y (19)

. . e . .
Note that the relationship between the change in pore pressure p , within
the flow domain, and change in water table elevation s is expressed as
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p° = - v, 8/2 (20)

which was obtained by Corapcioglu and Bear (1983). Also, for a one
dimensional deformation and flow field, the coefficient of matrix
compressibility o = 1/(A2G). Integration of 3U,/9z from bl to by would
give

ny -+ (lI-n)y Y,
W ] w
= e i e 2
si 5 + 5+ Sy loD (21)

The fact that the two surfaces - the phreatic surface and that of an
initial set of solid particles, the displacement of which is being followed
are different ones causes an inherent difficulty in the solution. In the
numerical technique, we redefine after each time interval, the new Fj
surface to coincide with the new F, surface (i.e., D = B), so that the
two surfaces follow each other except for their separation during a single
time interval At. At every time step, we solve (16), (17), and (21) for
pore pressure p®, drawdown s, and surface settlement Abz. Then we re-
define pttAt = pt - (S~Ab2) and solve for the next time interval. This
routine stems from our assumption that no compaction occurs above the water
table.

Results

The numerical approach described to solve the governing equations (16), (17),
and (21) is applied to a l-m~high soil column packed with sand with a
membrane at the bottom. This application illustrates a phreatic aquifer-
aquitard system. Initially the whole thickness of the soil column is
assumed to be saturated, i.e., the water table coincides with the ground
surface. For purposes of numerical simulation the column is divided into
10 volume elements of equal size. During each time step the size of
volume elements has been adjusted by considering the change in the height
of saturated column due to drawdown and displacement. The time step At is
taken as 60 seconds. The results are presented graphically in Figs. 3 and
4. The model parameters used in the numerical simulation are given in
Table 1.

As seen in Fig. 3 the soil column is almost completely drained after 18
days. Note that the pressure distribution remained hydrostatic with time
after undergoing gravity drainage. The thin porous membrane offers some
resistance to the flow of water through it. For lower membrane
permeability, the resistance to the flow increases, resulting in
larger pore pressures throughout the column. If the permeability of the
membrane is infinitely small, the pore pressure distribution along the
column becomes parallel to the initial hydrostatic condition at all time
steps. A smaller value of K4'/K' would give pore pressure values at the
bottom much less than the hydrostatic pressure. The column experienced
90% of its maximum consolidation after 8 days and after that, remained
almost constant with time. Likewise the rate of change of drawdown and
total stress is large at earlier times until it attains 90% of its
maximum value after 8 days, after which it tends to become asymptotic with
time.

The simulations described in this study strongly suggest that in phreatic
aquifers the importance of drawdown on land subsidence cannot be ignored
although the magnitude of excess total stress is quite small in comparison
to excess pore pressure.
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Table 1. Model Parameters

Hydraulic Conductivity of Fine Sand Column

Hydraulic Conductivity of Clay Membrane
The Coefficient

Compressibility of Soil

Compressibility of Water

Viscosity of Water

Specific Weight of Water

Density of Soil Grains

Density of Water

Specific Weight of Saturated Soil
Porosity

Specific Yield
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Abstract

A parametric analysis of land subsidence due gas-oil withdrawal from a
reservoir overlain by layered transversally anisotropic soils has been per—
formed by a finite element model.Adisk~shaped reservoir of uniform thick —
ness has been assumed with a radius equal to 2500 m at an average depth of
1750 m.

The pressure decline has been set equal to 1 kg/c:m2 within the gas/oil
bearing strata and has been assumed to vary linearly from 1 to 0 in the
overlying and underlying low-permeable sediments.

The model assumes elastic deformations and allows for layered transver—
sally anysotropic soil units each characterized by 5 distinct elastic con-—
stants. Above the reservoir a typical structure is made of alternating
clays and sands with a compressibility which decreases progressively with
depth. The compressibility values have been taken within the characteristic
range of the Quaternary sediments of the Po river plain. The model was run
for a number of possible stratigraphic configurations.

The results show that land subsidence dependsprimarily on the actual
distribution of the elastic properties inside and around the reservoir and
that the importance of an accurate soil description greatly decreases as
one approaches the ground surface.

A good estimate of the reservoir properties as well as of the underlying
and overlying low-permeable rocks is essentially needed to obtain realistic
predictions. The model has also shown that the depth at which the rigid ba-
sement is set beneath the reservoir has a limited influence on the magnitu-—
de of the ground surface movement.

Finally it turns out that transversal anisotropy and larger values for
the Poisson ratio of the clays may contribute to a significant increase of
land subsidence.

Introduction

Among the various subsidence mechanisms which have recently been revie—
wed by Scott (1979), fluid withdrawal from subsurface resources plays pro—
bably the most important role. Areas where major land subsidence has occur—
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red have been described by Poland and Davis (1969) and Poland (1972). A re—
cent analysis by Chi and Reilinger (1982) focuses on the several locations
vhere anomalous relative settlement has been recorded in the United States.

Although less common than water pumpage, gas/oil removal has neverthe—
less given a significant contribution to the list of case hystories of land
sinking. Large settlements above gas/oil fields have been reported from
Iong Beach-Wilmington (California, U.S.A.), Goose Creek (Texas, U.S.A.) ,Gro-—
ningen (The Netherlands), the river Po Delta (Italy), Bolivar Coast (Vene—
zuela) and Niigata (Japan). A recent case with important social and economi-
cal implications is Ravenna (Italy) where the simultaneous withdrawal of
groundwater from the upper aquifers and of gas from a number of deeper re—
servoirs scattered offshore and inland has created a precarious and complex
situation.

Gas/oil production in subsiding areas is almost exclusively obtained
from geologically recent sediments (post Focene) at a depth which seldom ex—
ceeds 2000 m. Sediments usually consist of sand and clay. The sinking sur—
face takes the shape of a bowl centered above the reservoir and the settle-—
ment quickly decreases with the distance from the production wells.

In complex geologic enviromment land subsidence due to fluid removal
can be effectively analysed and predicted by the aid of mathematical models.
However developing reliable prediction tools is still a challenge for the
researchers working in this field. Due to the chronic shortage of essential
data usually some basic assumptions are needed before a model can be reali—
stically applied. In the model used to simulate the subsidence over the gas
field of Groningen (Geertsma, 1973) a homogeneous and isotropic semi-infini—
te porous medium was assumed. This was warranted by the substantial lack of
data relative to the soils overlying the gas bearing strata and by the lar—
ge financial costs that are involved in providing such data. On the other
hand layered sedimentary structures are quite common in the Quaternary depo-—
sitional environment and an "a priori" analysis of the influence of the soil
properties and their relative importance in controlling the subsidence rate
is very useful in order to define correct investigation programs in subsi—
ding areas above deep gas/oil reservoirs.

In the present paper the influence on land sinking of heterogeneity and
transversal anisotropy of the soils which overly a gas/oil field located in
a layered sedimentary structure is investigatedwith an elastic linear finite
element model.2n idealized disk-shaped reservoir sited at a depth between
1500 and 2000 m with an outer radius R = 2500 m and a thickness h=65m has
been assumed. Fluid pressure decline has been taken equal to the reference
value of 1 Kg/cm~ evenly spread within the reservoir. In the overlying and
underlying low permeable clays the water pressure decline is assumed to va—
ry linearly with thickness from 1 to 0. The model has been run to provide
the land subsidence on a radial profile for various structural sceneries
where typical compressibilities for sand and clay progressively decrease
with depth. The values used by the model fall within the range measured
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for the sands and clays of the river Po plaih. The influence of transver —
sal anisotropy, Poisgon's ratio and location of the rigid basement has been
explored as well.

After a short theoretical description of the finite element model, the
paper gives some representative results showing the interrelation between
land subsidence and soil structure.

Finite Flement Model for Layered Sedimentary Structures

The finite element model developed to analyse the land subsidence in la-—
vered sedimentary structure belongs to the class of models originally pio—
niered by ILee and Shen (1969) and Sandhu and Wilson (1970). In their subsi-—
dence analysis over the gas field of Groningen, Geertsma and Van Opstal (1973)
noted that "the finite element approach appeared too sophisticated a tool in
relation to our very limited knowledge of the deformation properties of the
sedimentary structure surrounding the reservoir". Thus they made use of the
"tension center" approach which assumes a homogeneous and isotropic semi-in-—
finite porous medium. However they did not consider that a finite element
model is a very effective tool to investigate the relative importance of the
information to which land sinking is theoretically related andespecially so
for the relationship between land subsidence and mechanical properties of
the soil structure.

The present model is based on the following assumptions:

1) as a first approximation soils behave elastically

2) individual grains are incompressible

3) Terzaghi's principle holds. In other words all skeleton deformation
is exclusively due to variations of the effective intergranular
stress.

A pore pressure declineequal to 1kg/cm2 occurs in a disk-shaped reser—
voir characterised by:

depth of burial ¢ = 1750 m
thickness h=65m
outer radius R =2500m

i}

In the overlying and underlying clays, whose thicknesses are equal to 60
m and 25 m respectively, the fluid pressure varies linearly from 1 to zero.
No lateral aquifer is assumed. The rigid basement is set to a depth which
is investigated by the model. On the outer boundary 20 km far from the re—
servoir axis zero vertical and horizontal displacements are prescribed.

If p(x,y,2z) is the final incremental pore pressure distribution within
the sedimentary structure (schematically shown in Figure 1) and ux,uy and
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reservoir

clay
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Figure 1: Schematic sedimentary structure of alternating clays and sands.
The reservoir is assumed to be overlain and underlain by clays.

rigid basement
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Figure 2: Scheme of a transversally anisotropic soil whose mechanic
behavior is characterized by 5 distinct elastic constants

u, are the components of the position vector measured from the initial refe-—
rence state, the equilibrium equations for mechanically isotropic systems in
terms of displacements may be written as (Gambolati , 1974):

Gv'zux+(7\+G) %i_ .

Ix
% b
szuy + <>\+G 5—)—/—:’. -—2-;— (m

2 P
Gviu, + () +G>-§§Z— = —5%

where G = 57-1%\—))— is the bulk shear or rigidity modulus, E is the Young

modulus, v is the Poisson ratio and A is the Lamé constant equal to:
y= —YE
(1-2v)(4+v)
e is the volume strain related to the linear strains by:
ou, Juy  du,
€= + +
gx ) Y oz
and V2 is the Iaplace operator. In addition to the condition of zero total
diplacement on the lower and outer boundaries, we prescribed the condition

33



of zero normal and tangential stress on the ground surface (upper model
boundary) .

Egs. (1) are solved by finite elements inthe presence of radial symmetry
allowing for transversal mechanical anisotropy. Hence each layer of soil is
characterized by 5 elastic constants (Figure 2):

E1, \)1,E2, v, G

2" 2

G1 is dependent on E

ned as:

1 and v 7 The vertical soil compressibility o is defi—

2

1 2, |
o = 'E- 1 - (2}
-2

For isotropic soils (E1=E2=E; \)1=\)2=\)) egd.(2) turns into the well known

relationship (3):

4 (V) (a-2v)
Qo = —E:: T (3)

The porous medium is discretized into annular elements of triangular cross
section. Elements are smaller inside and close to the reservoir where stress
gradients are more pronounced (as a vertical cross section of a typical mesh
see Figure 3). The model can treat up to 2500 nodal points. The model sol—
ver is based on the wvery accurate and efficient modified conjugate gradients
(Gambolati, 1980). The model is currently run via telephone line on the IBM
computer 3033 located at the CNUCE (Centro Nazionale Universitario per il
Calcolo Automatico) of Pisa.

Results

Figure 4 and Figure 5 give the behavior of thevertical compressibility of
soil o vs depth for sands and clays,respectively. The profiles are derived
from data of Quaternary deposits of the eastern river Po plain published in
earlier works by Brighenti (1964), Gambolati et al. (1974) and Brighenti
and Fabbri (1982). Note that at the ground surface oOgyngg 1is two or—
der of magnitude less than %clays while at the depth of burial it is only
three times smaller. Unless otherwise specified v = 0.25 is assumed every—
where in the layered structure. Correspondingly eg. (3) provides the E~va—
lues for isotropic soils to be fed into the model.

The land settlement n vs the dimensionless radius r/R for an entirely
homogeneous medium is given by profile a) of Figure 6. The compressibility
value is taken to be the same as that of the reservoir sands. If o decrea—
ses with depth as shown by Figure 4 (sandy structure) we obtain profile b),
i.e. land sinking slightly increases. If the reservoir is overlain and un-—
derlain by clays the subsidence becomes significantly larger as may be seen
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)

Figure 3: Triangular finite elements mesh to simulate land subsidence
due to gas/oil removal from a disk-shaped reservoir in a se—
dimentary layered structure.

Meshes are generated automatically by the computer .

from profile ¢). Hence Figure 6 shows that a substantial contribution to
land subsidence may be given by the compaction of the sediments surrounding
the gas/oil bearing strata if the former are more compressible than the
latter (in Figure 6 0glay is three times higher than opegervoir according
to Figures 4 and 5).
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Figure 6: Land subsidence in homogeneous soils (a), sandy soils (b) and
sandy soils with underlying and overlying clays (c)
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Figure 7: Influence on land subsidence of the stratigraphic composition
of the upper 500 m
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Profile c) is redrafted in Figure 7 and compared with the results obtai-—
ned by setting:
- all clay in the upper 250 m
- all clay in the upper 500 m
- alternating clays and sands in the upper 500 m

It is worth noting that the actual nature of the upper sediments (either
sand or clay) and their mutual position in the vertical stratigraphic pro—
file hasno practical influence on land settlement which is therefore primari—
1y related, for a given reservoir geometry, depth of burial and fluid pres-—
sure decline, to the elastic constants of the reservoir and of the under-
lying/overlying clays. It turns out that for a realistic prediction of sub-—
sidence above deep gas/oil field good estimates of the reservoir mechanical
poperties as well as of the top and bottom clays are much more important
than those of the overlying sediments of the structure.

Figure 8 shows the influence on n of the depth of the rigid basement.
The o distribution is the same as that of curve ¢) in Figure 6. The rigid
basement is set beneath the clays underlying the reservoir, at 2500m and
at 20.000m. The results indicate that n is not very sensitive to the posi-—
tion of the basement.

Land subsidence increases if the soils are transversally anisotropic as
is shown in Figure 9 where the dashed profile is again profile c) of Figure
6. Setting Ep /E; = 2 and Ey/Eq = 4 (see Figure 2) leads to the dashed-dot—
ted and to the solid curve, respectively. The assumption has been made that

v, =v,and G =l_§2_
1 2 2 21+\)2

Finally the influence on n of Poisson's ratio is provided by Figure 10.
Again with reference to profile c¢) of Figure 6 (the dashed profile here) it
may be noted that increasing v yields a decrease of n. In particular the dot—
ted profile is obtained with v = 0,25 everywhere except for the overlying/
underlying clays where v has been set equal to 0.45. A larger value for
Poisson's ratio in the low permeable sediments adjacent to the reservoir
leads to a reduction of land subsidence.

Conclusion

The analysis by the finite element model has been carried out primarily
to explore the influence of the deformation parameters of the sedimentary
layered structure on land subsidence caused by gas/oil production from a
deep circular reservoir. For a given geometry, depth of burial and fluid
pressure decline the results from the model stress the following conclusive
remarks:

a) Land subsidence is basically related to the compressibility of the
gas/oil bearing strata and of the adjacent overlying/underlying
clays.
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Figure 10 : Influence on land subsidence of Poisson's ratio

b) An accurate description of the upper soils with a good determination
of their mechanical properties is not needed since land settlement
is rather insensitive to the deformation properties of the sediments
where no pore pressure decline occurs.

c) The position of the rigid basement (just below the underlying clays
or at a larger depth) has a small influence on land sinking.

d) Possible transversal anisotropy yields larger subsidence values.

e} Increasing Poisson's ratio (e.g. in the overlying and underlying
clays) leads to a decrease of the subsidence profile.

On sumary it appears that any program intended to provide realistic
predictions of land subsidence caused by gas/oil production with a mathema—
tical model has to focus primarily on the reservoir and the overlying/under—
lying clays and to give representative records of their mechanical behavior.
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Abstract

A numerical simulation of a simple idealized subsidence problem is perform-
ed. Special reference is made to the irreversible deformations occurring
both in reservoir areas and overburden layers during the fluid extraction
process. A non-associative elastoplastic constitutive law for soil behav-
iour, based on the principles of Critical State Soil Mechanics, is describ-
ed. A fully coupled finite element technique employing the soil model sug-
gested is used in the analysis. The topics discussed include the appearance
of plastic zones, influence of prestress, formation of soil discontinuities
and the effects of depth and compressibility of the reservoir on the sub-
sidence levels. The difficulties related to modelling soil behaviour under
the effects of reverse loading, high temperature changes and long term de-
formation, are briefly mentioned.

Introduction

Surface subsidence due to fluid withdrawal is related to reservoir compac-
tion via the mechanical response of the overburden. The highly plastic
nature of most soils suggests that, in order to model deformations during
compaction processes, it is necessary to consider the elastoplastic behav-
iour of geologic material. Compaction-subsidence studies have, in the past,
neglected the importance of large irreversible deformations and the effect
of the stress history. In some cases, where elastoplastic laws have been
used, the soil parameters are difficult to evaluate and this limits the
applicability of such models.

Critical State Soil Mechanics has provided the basis for building elasto-
plastic stress-strain relationships which explain different features of soil
behaviour with a reduced number of parameters. The equations are based on
the experimental observation of soil response and the model parameters can
all be determined using standard soil testing procedures. This represents
an advantage over the usual problem of providing input data for complex
behavioural models. The critical state laws give good quantitative predic-
tions for the behaviour of a large range of soil materials and can be con-
sidered valid for general loading paths.

In this study, a critical state constitutive law is coupled with the flow
equation to study deformation mechanisms related to compaction and subsid-
ence.

Critical State Constitutive Laws

Critical State Soil Mechanics can be considered as a unifying criterion for
understanding the complex mechanical behaviour of soil. In the light of
critical state ideas, the state of a soil is determined by its specific
volume (or state of volumetric strains) and the effective stresses acting on
it. As shearing develops, and if the restraining conditions permit, the
density of soil changes and tends to a constant value called the critical
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density which depends only on the effective pressure. Once this density is
achieved, the soil is said to have reached the critical state and continues
to deform with constant strength and at constant volume. Details of the
critical state theory have been published by Schofield and Wroth (1968) and
silva~Pérez (1984) presents the concepts in the context of subsidence analy-
sis. Therefore only an outline of the concepts necessary to understand the
constitutive relations will be given here.

Experimental evidence shows that for a wide range of soils there is a
unique curve of critical states in (P', g, &yP) space. Where P', g and
eyP are defined as follows:

1 1 1
Pt =(g +0 +oc )/3 (isotropic effective stress)
11 22 33
T ' 1/2
q = [(3/2) S. . s..] (deviatoric stress)
i3 P3i-
L} L]
- - ’
sij %4 5 P 5ij
P P P P s , .
€y = E + € + € (plastic volumetric strain)
11 22 33
The following quantities will also be used:
z - [z 12 deviatori ‘
e = |(2/3) &5 54 (deviatoric strain)
€3y = €54 7 (1/3) €y 5ij
with
Eij = total strain
€. = i i
€14 elastic strain
D . . FiG. 1a
eij = plastic strain
The critical states can be represented by g=MP'
two simple empirical relations (Fig. 1):
q
Al
q = Mp, (1)
L 1 P
P, = P, exp (B &) (2) = -
(] P
' . FiG. 1b
where M, Pl, and B8 are the critical
state parameters. A ATION
It has been stated that when soils are o
sheared they tend to a critical state. Fol- g STArEe"
lowing this assumption, the curve of criti- o« A
cal states shown in Fig. 1b can be consider- [=}
ed as the boundary between two types of 2 eLadric
behaviour. Soils that are initially dense, RECOVERY
to the left of the curve of Fig. 1b, have a
strong tendency to dilate or to generate Pe P!
negative pore pressures if drainage is not
allowed. Soils that are initially loose, to F1G.1 - CRITICAL STATES.

by



the right of the curve of critical states, tend to contract when sheared or
to generate transient positive pore pressures. Atkinson and Bransby (1978)
provide a useful collection of experimental data showing the position of the
critical states for both sands and clays.

The existence of a unique ultimate or critical state, depending only on
the effective pressure, can be used to formulate an equation of energy
dissipation which, together with the concepts of elasticity and plasticity,
can be extended to provide constitutive laws for soil behaviour. The ener-
gy, E, dissipated by a deforming soil can be written as:

'oep 2 e

E=o0,, el =p £F +3,, et (3)
ij Tij v ij Tij

Assuming that the strain increments are colinear with the stresses, Eg.
(3) becomes:

*p

E=P' g, +qe?f (4)

Mie

The dissipated energy at the critical state is:
E= Mp' £ P (5)
Roscoe et al (1963) present experimental evidence showing that Eqg. (5)

may be assumed valid for any stage of deformation, so that the complete
equation for the dissipation of energy is:

P! éVP+qEP=Mp'EP (6)

The plastic potential, g, can be obtained by direct integration of Eq.
(6), giving:

g1(P', q) = ¢/(MP') + In P’ (7)
with:

P = A (3g)/0P') = MMP' (M - q/p') (8)
E =\ (dg,/dq) = Mwmp' (2)

and in terms of individual components:
g5 = MM' [(3/2) si3/a + (1/3) &5 (M= /B = (M/MR')H (10)

In order to complete the mathematical description of the plastic behav-
iour of soil material, it is necessary to determine the level of the stres-
ses needed to cause yielding. Early critical state models were built on the
basis of a stability hypothesis suggested by Drucker (1964). This leads to
an associative type of stress—strain law (plastic potential identical to the
yield function). These models give fair quantitative predictions for loose
or normally consolidated clayey soils. However, as the overconsolidation
ratio becomes higher the predictions worsen. The models underestimate
deformations at low shear forces and predict exceedingly large values of the
"peak resistance". Also, problems were encountered for stress paths near
the P' axis due to energy dissipation changes for isotropic consolidation
processes. In an attempt to overcome these difficulties, modified versions
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of the original equations have been suggested (Burland, 1967; Roscoe and
Burland, 1968).

The discrepancy between the observed behaviour of soil and the early
critical state models, appeared to be due to the hypothesis of normality of
the strain vector to the yield curve (arising from the stability criterion).
Granular materials show some dependency on the stress path followed and
behave more like non-associative behavioural models. For this reason Hujeux
(1979) rejected the hypothesis of an associative law and, keeping the plas-
tic potential of Eq. (7), suggested the following yield function:

£, (', a, e, EP) = q = mp' [1-b In(e'/p)] E P/(a + EP) (1

where a is related to the initial shear modulus of the soil and b is intro-
duced to regulate the "peak" resistances.

To account for energy changes near the isotropic axis, a second associat-
ed yield function is assumed, whose expression is:

L]
g, (', eP) = £, (', eF) =P _ ap, (12)

where o is an empirical parameter. The yield curves and plastic potentials
are represented in Fig. 2.

The elastic part of the deformation is given by:

— e
dp' = K _P' €§ (13)
4 =3 GP' & € (14)

where K, P' is the bulk modulus and G P' the shear modulus.

The elastoplastic constitutive law, conceptually described above, has
shown satisfactory agreement with experimental observation for a wide range
of soils and testing procedures. Figs. 3 and 4 show applications of the
model to the behaviour of a frictional and a cohesive soil respectively. It
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can be observed that, considering the different characteristics of both
soils, the predictions are good.

In what follows, a fully-coupled finite element technigue is wused to
calculate the surface subsidence over a model reservoir. The critical state
constitutive relations are used in the analysis in order to include elasto-~
plastic effects in the reservoir and overburden layers.

Application to a Subsidence Problem

Significant withdrawal of fluid from underground reservoirs usually gives
rise to superficial subsidence. The mechanical behaviour of the system is
controlled by consolidation of the reservoir and deformation of the upper
layers of soil. Compaction of the reservoir is induced by an increase in
the effective stresses due to the reduction in pore pressure caused by pump-
ing. The overlying mass of soil tends to follow the movement of the reser-
voir, leading to the generation of additional shear stresses outside the
production zone. Critical state theories bring together the consolidation
and shearing behaviour of soils, and for this reason they constitute a con=-
venient framework to study the deformation mechanisms caused by production.
A finite element solution algorithm, using Darcy's law and the previously
suggested rheological model for the soil skeleton, has been chosen. The
fully coupled finite element technique used for the present analysis has
been described in detail elsewhere (Hujeux, 1979), therefore only a summary
of the numerical results obtained will be given here.

In the finite element simulation performed, a plane of symmetry repre-
senting a section of the Earth's crust surrounding an axisymmetric well was
isolated and represented by a mesh as shown in Fig. 5. The elements consist
of 8-node quadrilaterals and 6~node triangles with 2 x 2 and 3 point inte-
gration vrespectively. The quality of the solution depends on how the
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FIG. 5 - SUBSIDENCE MODEL CONFIGURATION.

discretization is performed and because a simple mesh is employed, results
must be interpreted qualitatively and in the light of general mechanisms of
deformation.

The input data includes the material properties and the effective pres—
sure reduction values, below hydrostatic, in those elements which correspond
to the reservoir area. The complete set of input parameters used is given
in Table 1. The soil is assumed to be saturated with incompressible fluid

Soil Stratum 1 Soil Stratum2

Reservoir 0<2<650m 650<Z <775m
Young's modulus (MN/m?) 0.0 640.0 640.0
Poisson's ratio 0.316 0.316 0.316
Horizontal permeability {m/month) 0.287 100167 1ox107
Vertical permeability  {m/month) 0.068 1.0x 107 10ox 107
Coeff. of earth pressure of rest 0.7 0.5 0.7
Specific weight of fluid (MN/m3) 0.00981 0.00981 0.00981
Soturated unit weight of soil (MN/m3) 0.0118 0.0118 0.0118
o 1.5 1.5 1.5
M 1.2 1.557 1.557
8 29.0 35.0 35.0
Peo (MN/m2) 0.319 0.596 0.59
[ 0.0075 0.0075 0.0075
b 1.0 1.0 1.0
Effective pressure reduction
in reservoir {MPg) 2.0

TABLE 1-SYSTEM PARAMETERS
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and with the water table at ground level. The pumping effect is achieved by
suddenly increasing the effective pressure at the centre of the well.

Fig. 6 shows the settlement of the reservoir surface and the shape of the
subsidence bowl after different periods of time, together with the corres-
ponding drops in pore pressure along the reservoir surface. Fig. 7 indicates
the zone of influence of deformations and the areas which, given the system
dimensions and soil properties, have experienced plastic flow. The transi-
tion from low to high ground represents a zone where high shear stresses
develop, causing the yield curve to be reached. For a specific site the
limit of elastic deformation will be determined by the amount of prestress
that the soil has experienced before the start of production. Surface
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erosion, water table fluctuations or earthquake shaking may cause the ini-
tial stresses to be considerably lower than yield. It has also been sug-
gested (Kosloff et al, 1980) that the role of additional compressive or
tensile lateral stresses, of tectonic origin, will have an important effect
on the size and shape of the subsidence bowl. These stresses may be affect-
ed by local flexure of the soil layers, extensive faulting or sloping
ground.

Bending of the overburden layers will cause a reduction of lateral stres-
ses in high inflexion areas near the limit of the zone of influence. Fig. 8
shows the changes of lateral
stress, as compared to the "at
rest" values, at three different
depths for the last stage of o DEPTH (m)
calculation (40 years). This 20 576
effect may produc'e tensile 10 ~><\ ‘_!:3:;
stresses which may give rise to o
soil discontinuities and sur-
face cracking. The appearance
of cracks, at the edge of the
bowl of subsidence, is common
to many underground mining and
fluid extraction areas and is RADIAL DISTANCE
one of the most damaging envi- F16.8 - CHANGE IN LATERAL STRESSES
ronmental effects of compaction
phenomena. Cracks are not only
limited to dry ground but have been recently observed in areas where pro-
duction is performed in shallow waters. The depth of the soil discontinui-
ties is difficult to estimate with reasonable accuracy. However, there is
evidence from direct measurements that is some areas they extend to more
than 50m depth. In addition, the presence of high pressure gas near the
cracking zones may indicate that in oil production areas the discontinuities
can extend considerably deeper.

The effect of reservoir compressibility on the fluid recovery and sub-
sidence levels is shown in Fig. 9. The fluid withdrawals are caused by the
same drop in pressure and the cumulative production is presented as a func-
tion of the isotropic compaction coefficient 8. The results obtained indi-
cate the effect of compaction as a drive mechanism. This is particularly
important in zones where exploitation of heavy oils from uncemented sands is
performed. In these areas a high compaction coefficient will increase the
effectiveness of recovery and improve the economics of production. This
contribution will vary with the geometry and the mechanical properties of
the reservoir and its fluids.
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The surface subsidence for similar reservoirs, showing the same amount of
compaction, but located at different depths was also simulated and the
results are presented in Fig. 10. As expected, subsidence increases as the
depth of burial decreases. This supports the evidence, obtained from
previous subsidence simulations (Geertsma, 1973), that the ratio between
surface subsidence and reservoir compaction is determined by the ratio bet-
ween depth of burial and the lateral extent of the reservoir.

Additional Considerations

The critical state constitutive law described above is strictly applicable
to the behaviour of relatively shallow reservoirs consisting mainly of sand
and clay soils. For deeper reservoirs there may be considerable crushing
and plastic deformation at the grain contacts. This activates additional
energy dissipation mechanisms which may affect the predictions of the model
suggested. An attempt was made by Gerogiannopoulos and Brown (1978) to
extend the critical state theory to rock behavicur by including the effect
of dissipation mechanisms different to friction. A similar approach could
be used to model behaviour of soil at high earth pressures.

Until now, reference has only been made to monotonic loading due to con-
tinuous production. However, it is sometimes desirable to simulate the soil
response under reverse loading. This condition may arise when continuous or
cyclic repressurization of the reservoir is performed by the injection of
fluids. In such cases it is necessary to consider the marked hysteretic
behaviour of soils when subjected to reverse loading. The isotropic harden=-
ing which was previously adopted is not appropriate to model that type of
response because it implies the existence of an exceedingly 1large elastic
domain. The assumption of elastic unloading may lead to underestimation of
the amount of rebound and of the extensive localized deformations which may
occur near repressurization wells. To account for the anisotropic behaviour
of soils subject to repeated loading, a possible generalization of the
critical state models for cyclic behaviour was suggested by Hujeux and Aubry
(1981).

Extraction of fluids from underground reservoirs causes soil deformations
during periods of time which are considerably higher than times involved in
conventional soil laboratory testing. For this reason, secondary compres-—
sion may introduce a significant error in the estimates of final compaction
and ultimate subsidence based on short term laboratory measurements. This
effect must be investigated in order to determine the accuracy of extrapo-
lating short-term creep experiments to the long-term behaviour of geologic
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material during compaction processes. High temperature fluctuations will
also alter the rheology of soil by introducing changes in the chemical and
mechanical properties of grains and fluids. A range of deformation mecha-
nisms may be activated and this suggests that, for general compaction/sub-
sidence analysis, the use of a set of constitutive laws based on a single
energy dissipation mechanism is too simplistic.

Conclusions

The intention of this paper has been to perform a subsidence simulation of a
simple idealized reservoir-overburden system. The attention has focused on
the elastoplastic properties of the soil skeleton rather than on the details
of fluid flow. The occurence of plastic deformation, both in the reservoir
and overlying layers, has been discussed in terms of the geometry of the
problem and the effect of historic and tectonic stresses. The role of
prestress emphasizes the convenience of employing elastoplastic constitutive
laws for subsidence modelling. It was also attempted to link, in qualita-
tive terms, common phenomena related to compaction with the numerical re-
sults obtained. In this respect, the formation of surface cracks and soil
discontinuities has been associated to the reduction of earth pressures at
various depths near the limit of the zone of influence of deformations. The
effect of reservoir compressibility on fluid production and depth of burial
on subsidence levels has also been discussed. The tendencies shown by the
calculations agree with field observations and previous subsidence simu-
lations.
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EVALUATION OF A TECHNIQUE FOR SIMULATING A COMPACTING AQUIFER SYSTEM IN
THE CENTRAL VALLEY OF CALIFORNIA, U.S.A.

David E. Prudic, U.S. Geological Survey, Carson City, Nevada,
and Alex K. Williamson, U.S. Geological Survey, Austin, Texas

Abstract
Large volumes of water have been pumped from the Central Valley aquifer
system since the early 1900's. Water levels in the most heavily pumped
areas had declined as much as 120 m by 1970. These large water~level
declines resulted in approximately 21,000 hm3 of water released by inelastic
compaction of numerous compressible fine-grained deposits.

The principal technique used to evaluate the aquifer system was a
three-dimensional computer program that solves the basic ground-water
flow equation. The program was modified to incorporate water released by
inelastig compaction of the fine-grained deposits by making storage a
function of hydraulic head. The computer—simulated volume of water released
from inelastic compaction for the period from 1961 through 1977 was 6 per—
cent of the estimated volume. The technique could be used in other areas
where water is released as a result of inelastic compaction of fine-grained
deposits.

Introduction

The Central Valley of California encompasses an area of nearly 50,000 km?
and extends from near Red Bluff at the north end to the vicinity of
Bakersfield at the south end, a distance of 650 km (fig. 1). The valley is
commonly divided into two parts, each drained by a major river. The
northern one-third is the Sacramento Valley and the southern two-thirds, the
San Joaquin Valley. The Central Valley is a long northwestward-trending
asymmetric structural trough that is filled with sediment. The fresh
ground-water reservoir is generally within the continental deposits that
consist predominately of lenses of gravel, sand, silt, and clay.

Numerous lenses of fine-grained deposits (silt, sandy silt, sandy clay,
and clay) are scattered throughout the valley and, as determined from
electric logs, constitute between 40 and 60 percent of the total thickness
penetrated by wells. Although most of these lenses are not widespread, a
few major lenses have been mapped in the valley, principally beneath the
axis of the San Joaquin Valley. The fine-grained lenses restrict vertical
flow within the aquifer system.

The Central Valley is ideal for farming because of its fertile soil and
long growing season. The amount of water required to support farming
activities averages about 27,000 hm3/yr. The water is obtained from two
sources: streams and ground water. Streams that enter the valley, predomi-
nantely from the east side and the north end (fig. 1), account for about
one-half of the total water used; streamflow is diverted via canals to areas
of farming. Ground water is used primarily where surface-water supplies are
not available or are insufficient to support farming activities. About 80
percent of the total ground water pumped in the Central Valley is in the San
Joaquin Valley, whereas only 20 percent is pumped in the Sacramento Valley.

The large demand for ground water has placed a considerable stress on the
aquifer system, particularly in the San Joaquin Valley where surface water
is less plentiful. Ground-water pumpage has exceeded recharge in several
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EXPLANATION
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E Area where land subsidence caused primarily by
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Boundary of subsiding area studied by U.S. Geological
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FIG. 1 Location of the Central Valley of California and areas of land subsidence due to ground-
water pumpage.

parts of the valley and, between the early 1900's and the late 1960's, has
These large

caused water levels in a few areas to decline more than 120 m.
water—level declines increased the effective stress (grain-to-grain load) in

the aquifer system and, coupled with the numerous lenses of compressible
fine~grained deposits, has caused the greatest volume of land subsidence in
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FIG. 2 Node array for finite-difference formulation.

the world due to ground-water pumpage (Joseph F. Poland, U.S. Geological
Survey, oral commun., 1982). More than 13,500 km2 have subsided at least 30
cm, and at one location, subsidence exceeded 8 m (Ireland and others, 1982).
The estimated amount of water released from inelastic compaction is approxi-
mately equal to the volume of land subsidence, which from 1920 through 1977
was about 21,000 tm3, of which about 9,000 hm3 occurred from 1961 through
1977. Subsidence in the San Joaquin Valley has greatly decreased since
about 1968 because of surface-water imports from canals and consequent
reduction in pumping. Water levels in the Los Banos—Kettleman City area
(fig. 1) recovered as much as 60 m from 1968 to 1975.

A regional analysis of the Central Valley aquifer system was done as
part of the Regional Aquifer Systems Analysis, a National program of the
U.S. Geological Survey. The purpose of this paper is to (1) discuss the
technique that was used to incorporate the release of water from inelastic
compaction of the fine-grained deposits into a computer model of ground-
water flow for the aquifer system, (2) compare the simulated and estimated
land subsidence during the period of analysis (from 1961 through 1977), and
(3) discuss the differences in the relation between pumpage and inelastic
compaction among major subsiding areas in the Central Valley.

Method of Analysis

The principal technique used to simulate ground-water flow in the Central
Valley aquifer system was a three—-dimensional finite-difference computer
program written by Trescott (1975). The three—-dimensional equation that the
program solves can be written as follows:

S dh/dt 4+ w(x,y,2z,t) = d/dx(Xxx dh/dx) + d/dy(Kyy dh/dy) + d/dz(Kzz dh/dz) ,

where S = specific storage (L~1);
h = hydraulic head (L);
t = time (T);
w = volumetric flux of recharge or discharge per unit volume (L-1);
X,¥,2 = cartesian coordinates (L);
Kxx, Kyy = hydraulic conductivity in the principal horizontal directions
(L/T); and
hydraulic conductivity in the vertical direction (L/T).

Kzz

The continuous derivatives in the flow equation are replaced with
finite-difference approximations at a point or node. Surrounding each node
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is a block with dimensions %, y, and z in which the hydraulic properties are
assumed to be uniform (fig. 2). The result is N number of unknown head
values at the nodes and N number of equations, where N is the number of
blocks that represent the aquifer system. The time derivative dh/dt is
approximated by the backward difference procedure (Remson and others, 1971,
p. 78). The approximation for each node is as follows:

(hl -ho)/ At

where hy = the hydraulic head at the beginning of a time step (L);

h] = the hydraulic head at the end of a time step (L), which is
unknown; and
At = the time-step interval (T).

The program solves the unknown head for each time step using a strongly
implicit procedure (Trescott, 1975, p. 11); this is done by iterating
through the finite-difference equations for each node until the head change
between the previous iteration and the current iteration is less than a
specified amount for all nodes. Once this criterion is met, the program
advances to a new time step, and the process of computing heads at each node
is repeated.

The program was modified to account for the release of water from the
inelastic compaction of the fine-grained beds in the aquifer system with a
technique similar to the one used by Meyer and Carr (1979) near Houston,
Texas. The water is accounted for by changing the storage coefficient of
each model block from an elastic value to an inelastic value. The elastic
storage coefficient for each block is the sum of (1) the specific storage of
the fine-grained deposits times their thickness and (2) the specific storage
of the coarse—grained deposits times their thickness. The change from one
storage value to another was set as a function of head. A head value
(referred to as critical head) that coincides with the maximum effective
stress to which the deposits had been previously subjected was assigned to
each model block. If the initial hydraulic head (starting water level) is
above the initial critical head, then the elastic storage coefficient is
used until the hydraulic head falls below the critical head (fig. 3). When
the computed hydraulic head declines below the critical head in a model
block, the storage coefficient changes from an elastic value to an inelastic
value for the fine-grained deposits at the beginning of the next time step.
The inelastic storage coefficient is kept until the computed hydraulic head
begins to recover, then the storage coefficient switches from inelastic back
to elastic at the next time step and the hydraulic head at which recovery
started is recorded as the new critical head. When the computed hydraulic
head in a model block declines below the new critical head, the storage
coefficient switches back to an inelastic value, again at the beginning of
the next time step, and the cycle repeats itself (fig. 3). Land subsidence
is calculated by multiplying the head decline below the critical head during
each time step times the inelastic storage coefficient. Values of subsi-
dence for each block were accumulated over the simulation period.

The program modification to account for release of water from inelastic
compaction has a few drawbacks. First, the change in head in an aquifer
system propagates slowly through the included fine-grained deposits in the
vertical direction due to the low vertical hydraulic conductivity and the
large inelastic specific storage of the fine—grained deposits. This causes
a gradual rather than abrupt release of water from inelastic storage, which
may be spread across several of the time steps used in the numerical~
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FIG. 3 Relation of storage to hydraulic head in a compacting inter-
val of the aquifer system.

simulation scheme. Thus, the assumption used in this study that all the
water is released from inelastic storage within the time step in which the
head change occurs is erroneous. However, the simulated values should
approximate the observations over several time steps. Second, the change
from one storage value to another was done at the beginning of each time
step even though the change actually occurred in the previous time step.
This meant that small time steps were necessary in the simulation, which
increased the computer time and cost of each simulation. Third, the
inelastic specific storage is assumed constant, even though laboratory
consolidometer tests of small clay samples indicate that the amount of water
released from inelastic storage is a function of the applied stress.

In addition, the vertical hydraulic conductivity of the compacting deposits,
in theory, should decrease with time. However, on the basis of soil consol-
idation theory, Helm (1977) was able to simulate the total compaction with
reasonable results at seven sites in the San Joaquin Valley over periods of
decades using constant values for aquifer properties that probably represent
average values for the periods selected. The error involved in using
constant aquifer properties in this study is thought to be small because

the simulation period was only 17 years.

To model ground-water flow through the Central Valley aquifer system, the
system was divided into model blocks with horizontal dimensions of 10 km on
a side and vertical dimensions that varied from a few hundred meters to a
few thousand meters. A maximum of four model layers were simulated in the
vertical direction. The uppermost model layer corresponds to the water~
table zone, which is generally less than 150 m thick, while the next two
model layers correspond to the lower pumped zone, which is generally less
than 800 m thick. The lowest model layer includes the aquifer system below
the interval of wells. Heterogeneity in the aquifer system caused by varia-
tion in the types of sediments was simulated by (1) varying the aquifer
properties between model blocks and (2) averaging aquifer properties in each
model block to represent the aggregate of the heterogeneity within that
block.

The ground-water flow model was calibrated for the period from 1961
through 1975, and the simulations were extended to include the 1976-77
drought. The modeled period was divided into six-month intervals to better
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simulate the effect of seasonal agricultural pumpage. Recharge was simu-
lated in the autumn—to-spring period. Municipal pumpage was divided evenly,
and all of the agricultural pumpage was simulated in the spring-to—autumn
period of each year.

The model was calibrated by adjusting the horizontal and vertical hydrau-
lic conductivities, the distribution of recharge to the aquifer system, and
the inelastic and elastic specific—storage values so that the computer-—
simulated hydraulic heads matched (within the limits of the investigation)
the observed heads in the aquifer system. Pumpage was not changed.

Results

The simulated water levels at the end of the calibration period (1975) were,
on the average, 0.8 m and 3.7 m higher than the observed levels for the
water table zone and lower pumped zone, respectively. The standard devia-
tions of the simulated versus observed water levels were 6.7 m and 8,3 m for
the two zones.

Initial estimates of elastic and inelastic specific storage were obtained
from Poland (1961), Helm (1978), and Ireland and others (1982). The elastic
specific storage of the coarse—~ and fine-grained deposits were estimated as
3 x 1076 and 1.5 x 10~ m~l, respectively. The combined average for
deposits in the Central Valley was 1 x 103 @w~l. The inelastic specific
storage of the fine—grained deposits was estimated at 1 x 1073 p~l, 1In the
model simulations, the elastic specific storage was increased by a factor of
2, except in the vicinity of the Los Banos—Kettleman City area (fig. 1),
where it did not change. The increase was needed to reduce the simulated
water~level fluctuations caused by alternating six-month periods of recharge
and discharge. Inelastic storage values in the model simulations changed
very little during model calibration.

Initial critical-head values were estimated to be 25 m less than the
pre—~development water levels of the early 1900's. The 25 m was determined
by Holzer (1981) at a few locations in California. Model simulations began
in 1961 during a period of major subsidence in several parts of the Central
Valley, and water levels in many areas were many meters below the initial
estimated critial heads. Thus, in these areas, the critical head was
estimated to be the previous low water level, which commonly had occurred
during the 1960 pumping season. Critical-head values were adjusted as much
as 5 m in several model blocks during calibration., However, water levels in
the model blocks correspond to averaged water levels over a 100-km2 area,
and the averaged water levels may be in error by as much as 7 m. On a
regional scale, the changes in critical head were, therefore, small.

In general, the calibrated hydraulic properties of the aquifer system and
the recharge and discharge changed little from the initial estimate, except
for the vertical hydraulic conductivity between the water~table and the
lower—pumped zones. The vertical hydraulic conductivity was affected by the
number of wells that were perforated or gravel-packed in both zones.

" However, these values were easily adjusted because the vertical head
gradient between the two zones was very sensitive to small changes in the
vertical hydraulic conductivity.

The results of simulating land subsidence from the inelastic compaction
of fine-grained deposits in the ground-water flow equation compared
favorably with the estimated values of land subsidence for the period 1961
through 1977, as shown in table 1. This assumes that the actual land subsi-
dence was caused only by inelastic compaction of fine-grained deposits as a
result of ground-water pumpage. The simulated volume of land subsidence
resulting from ground-water pumpage was 8 percent less than that estimated
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for the period 1961-69, 17 percent less than that estimated for the period
from 1961 through 1975, and 6 percent less for the period from 1961 through
1977, Estimates of land subsidence made from 1961 through 1977 were based
on average rates of subsidence between times of leveling and were prorated
to individual years according to extensometer data from wells as reported by
Poland and others (1975) and Ireland and others (1982).

TABLE 1l.-—Comparison of estimated and simulated volumes of land
subsidence in the Central Valley for the period from 1961
through 1977

[Volumes in cubic hectometers]

Land subsidence

Percent

Period Pumpage1 Estimated Simulated difference
1961-69 81,000 6,600 6,050 8
1961~75 131,000 8,100 6,700 17
1961-77 153,000 8,950 8,450 6

' Estimated pumpage from both the lower pumped zone and the
water—table zone.

Most of the land subsidence due to ground-water pumpage has occurred in
the San Joaquin Valley. Poland and others (1975) identified three major
subsidence areas in the San Joaquin Valley: (1) The Los Banos-Kettleman
City area along the southwest side of the Central Valley; (2) the Tulare-
Wasco area north of Bakersfield, and (3) the Arvin-Maricopa area south of
Bakersfield (fig. 1). The Davis—Zamora area was the only major subsidence
area identified as of 1973 in the Sacramento Valley (Lofgren and Ireland,
1973).

Simulated and estimated land subsidence due to ground-water pumpage is
shown in figure 4 for the period from 1961 through 1975. Differences
between simulated and estimated subsidence can be explained in several ways:

1. Ground-water pumpage from the lower pumped zone was the primary
cause of land subsidence in the model simulations. Errors in allocating
pumpage to the model grid may cause both the amount and distribution of
simulated subsidence to be different than the estimated subsidence.

2. The estimates of subsidence are subject to error because much of the
Central Valley has not been releveled since the early 1970's.

3. Simulated subsidence in the model blocks is dependent on the head at
which inelastic compaction begins (the critical head). The critical head in
the fine-grained lenses of the aquifer system was assumed to be equal to the
head in the coarse—grained deposits. This assumption may not be correct
because of the time needed for a head change to propagate through the
thicker fine—grained lenses in the aquifer system. Errors in estimating the
critical head for each model block affect both the distribution and amount
of the simulated subsidence, as well as the heads in the lower pumped zone.

4, Model simulations assumed that water was released from the inelastic
compaction instantaneously when the water level in a model block declined
below the critical head. On the basis of observed data, subsidence con-
tinued for several years at some locations after the water levels recovered,
but at a slower rate; this is attributed to the time lag for head changes in
the coarse-grained deposits to propagate through the fine-grained deposits.
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5. Simulated subsidence stopped when the water levels started to rise,
and simulated inelastic compaction did not begin until the water levels
decreased below the previous lowest level. Data collected at a few sites
did not show a continued yearly water—level decline, yet the rate of subsi-
dence (although somewhat variable) increased before the previous lowest
water level had been reached. The inelastic compaction is again attributed
to the time lag for head changes to propagate through the fine-grained
deposits. However, some of the subsidence may be elastic, as indicated by
negative compaction observed at extensometers at a few sites after the 1977
drought (Ireland and others, 1982),

Relation of Water Released from Inelastic Compaction to

Ground-Water Pumpage

Estimates of pumpage were compiled yearly from 1961 through 1977 for most

of the Central Valley on the basis of electric-power consumption and pump-—
efficiency tests (Diamond and Williamson, 1983). In addition, pumpage
estimates were divided between the water-table zone and the lower pumped
zone. Thus, a comparison between the amount of water released from compac-—
tion of the fine-grained deposits and pumpage from the lower—pumped zone for
the period 1961 through 1977 was done for each of the major subsiding areas.

The ratio of (1) the volume of water released from inelastic compaction
of the fine—-grained deposits to (2) the volume of pumpage varied among the
four major subsiding areas in the Central Valley. The smallest ratio was in
the Arvin-Maricopa area, where about 4 to 5 percent of the water pumped
came from inelastic compaction. In contrast, the largest ratio was in the
Los Banos-Kettleman City area, where about 35 percent of the pumpage came
from inelastic compaction (the proportion was as much as 42 percent from
1961 through 1969, a period of major subsidence).

Differences in the ratio in the lower pumped zone may be explained by
(1) variations in the amount, compressibility, and bedding of the fine-
grained deposits and (2) variations in the applied stress that tends to
compact a deposit.

The Arvin-Maricopa area has the smallest percentage of fine-grained
deposits, whereas the Los Banos-Kettlemen City area has the largest.
Montmorillonite, which is more susceptible to inelastic compaction than
either illite or kaolinite, is the predominant clay in the major subsiding
areas in the San Joaquin Valley (Meade, 1967 and 1968). 1In contrast, kaoli-
nite is the principal clay mineral in soils and alluvium of the northern San
Joaquin Valley (Meade, 1967) and in samples collected from three test holes
in the Sacramento Valley (R. W. Page, U.S. Geological Survey, written
commun., 1983). Thus, the lack of montmorillonite might explain a lesser
amount of water released from inelastic compaction in parts of the Central
Valley, but it does not explain the differences among the areas in the San
Joaquin Valley.

Variation in the bedding of the deposits may also contribute to differ-
ences in the amount of water released from inelastic compaction to pumpage.
Bull (1975) noted that the interlayering of thin-bedded compressible fine-
grained deposits with coarse—grained deposits resulted in a system that com—
pacted more rapidly as a result of increases in applied stress than either
(1) mostly coarse-grained deposits or (2) thick fine-grained deposits. 1In
general, the Los Banos-Kettleman City area has more thin-bedded, fine-
grained deposits interlayered with coarse—grained deposits than either the
Arvin-Maricopa area or the Tulare-Wasco area.

Variations in the amount of the applied stress among the major
subsiding areas may also affect the amount of water released from inelastic
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compaction. These differences may in turn be caused by differences in well
construction. Most wells in the Los Banos—-Kettleman City area are perforated
below the shallow water table, which contains poor quality water. Water is
obtained from a thicker interval of the aquifer system in the other areas,
where perforated intervals commonly extend from the water table zone into
the lower pumped zone. The effect of the long perforated interval is
twofold: (1) some of the water pumped from the wells actually comes from
the shallower water—table zone and (2) the water levels in both zones are
lowered, which decreases the vertical seepage stresses and reduces the
amount of inelastic compaction.

Summary

The Central Valley aquifer system consists mostly of deposits of gravel,
sand, silt, and clay, of which about half are fine grained. Large volumes
of water have been pumped from the aquifer system since the early 1900's,
mostly for irrigation. Water levels in the most heavily pumped areas had
declined as much as 120 m by 1970. These large water—-level declines
resulted in the release of about 21,000 hm3 of water by inelastic compaction
of numerous compressible fine-grained deposits, of which about 9,000 hm3
occurred from 1961 through 1977.

The principal technique used to evaluate the aquifer system was a
three—~dimensional computer program that solves the basic ground-water flow
equation using a finite—-difference numerical procedure. The program was
modified to incorporate the process of water release from inelastic
compaction of the fine-grained deposits, by making storage a function of
hydraulic head. A head value (referred to as the critical head) that is
related to the maximum effective stress to which the deposits had been
previously subjected was assigned to each model block representing a part of
the aquifer system. Whenever the simulated hydraulic head decreased below
the previous lowest head value, the storage coefficient would change from an
elastic value to an inelastic value. Whenever the simulated hydraulic head
increased, the storage coefficient would switch back to an elastic value.
Land subsidence was calculated by multiplying (1) the hydraulic—head decline
below the critical head by (2) the inelastic storage coefficient for each
model block. Values of subsidence were accumulated over the simulation
period of 1961 through 1977.

Simulated water levels during the model-calibration period of 1961-75
averaged 0.8 and 3.7 m above the observed water levels for the water-table
zone and the lower pumped zone, respectively. The standard deviations of
those differences were 6.7 and 8.3 m, respectively. The calculated volume
of water released by inelastic compaction was about 6 percent less than that
estimated for the period 1961-77, and 17 percent less for the calibration
period of 1961-75, Differences in simulated and estimated volumes may be
attributed to the following causes: (1) The uncertainty inherent in
estimating and transferring pumpage information to the model grid; (2) the
uncertainty in estimating subsidence; (3) the uncertainty in assuming that
the head in the fine-grained deposits is equal to that in the coarse-grained
deposits; (4) the uncertainty in assuming that water is released instan-~
taneously from inelastic storage; and (5) the uncertainty in assuming that
inelastic compaction did not occur until after computed water levels had
declined below previous lows.

The ratio of (1) the volume of water released from inelastic compaction
of the fine-grained deposits to (2) pumpage from the lower pumped zone
varied among the four major subsiding areas in the Central Valley. These
differences may be explained by (1) variations in the amount, compressi=-
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bility, and bedding of the fine—grained deposits and (2) variations in the
applied stress that tends to compact a deposit, which in part can be caused
by different well-construction techniques.
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A 3-D NUMERICAL MODEL FOR SUBSIDENCE OF HORIZONTALLY
LAYERED FORMATIONS
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ISMES, V.le G. Cesare, 29, 24100 Bergamo, Italy.

Abstract

A numerical method for geothermal subsidence computations in
horizontally layered geological formations has been implement-
ed. The method is based on the superposition of fundamental
(Green) solutions of ground displacement. In order to achieve
greater generality, however, these solutions are obtained by
the finite element method rather than by analytical formulas.
Thermal and pressure effects for different dimensions of reser-
voirs and for a variety of geological morphologies are investi-
gated. 1In particular, the proposed numerical procedure is ap-
plied to some production schemes in order to assess the effect
of reinjection wells on subsidence.

Introduction

A complete numerical model of phenomena producing subsidence
has to take into account the coupling of pressure and thermal
field with the state of stress (Lewis et al., 1978). However,
for practical purposes and for complex exploitation schemes, it
is reasonable to compute subsidence on the basis of a known
distribution of pressure and temperature variations in the res-
ervoir (Pinder, 1979). This distribution may be provided by
the interpretation of field measurements or by numerical simu-
lations based on more or less sophisticated mathematical mo-
dels.

Due to the large computational effort required and to the lack
of a detailed description of the system, a completely general
deformation analysis (e.g. by means of a three~dimensional
program) has never been attempted, and a number of very simpli-
fied analysis procedures are currently used. One of the most
efficient is the nucleus of strain method developed by Geerstma
(1976) and Van Opstal (1974) for homogeneous elastic subsoils.
An extension to horizontally layered reservoirs was presented
by Williamson (1974). His analytical method, however, evalu-
ates only the total volume of subsidence and does not provide
the actual surface deformations.

In this paper, the complete set of equations governing subsi-
dence will be presented, extended to the thermal effects due to
renjection of cool water into a geothermal reservoir,
Successively a more speditive method, valid for horizontally
layered formations, will be discussed; it <constitutes a new
variant of the nucleus of strain method.

Equations governing subsidence

Mass Flow

Equation of mass flow in water dominated geothermal reservoirs
is given by:
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FIGURE 1 - SURFACE SUBSIDENCE
due to the shrinkage of a spheri-
cal volume in the subsoil.

v {1 (ren,90)}= - (0c) S en (0w ) 2 on (0 B) § ()

Where Kp is the intrisic permeability y,is the viscosity, p is
the pressure, Pw is the water density, z is the elevation, C
the bulk compressibility of rock-mass, C*¥ the bulk compressi-
bility of rock matrix, G' is the mean effective stress, t is
time variable,n is the porosity, Cw is the water compressibility,
ﬁw is thethermal volumetric expansion coefficient for water and
is the thermal volumetric expansion coefficient for rock.
Equation (1) is obtained combining the equation of continuity
with Darcy's law.

Heat Flow
Heat balance for a saturated soil element is described by the

equation:

[n pw cw+(1-n)p"c* ‘:—tt-:—pwchT-g +V-()\VT) (2)

where cy ,c* are the specific heats for water and rock
matrix,respectively, ;fis the rock matrix density,u is the vec-
tor of fluid velocity, and A is the thermal conductivity.
Equation (2) is obtained by assuming that there is a thermal
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FIGURE 2 -

a) Upper finite element mesh; at its nodes
surface displacements are computed.

b) Lower finite element mesh in which are
evidenced the volumes corresponding to
the 9 points of the Gauss quadrature
formula.

equilibrium between the fluid and the solid matrix, thus as-
signing the same local temperature T to both. This assumption
can be accepted when the pore fluid moves with Reynolds numbers
lower than 1, as generally occurs in practice.

Stress analysis

The analysls can be carried out in terms of total or effective
stresses: either of these approaches can prove to be the most
convenient, according to the type of problem to be solved.

When a linear elastic behaviour of the rock 1is assumed, the
stress—-strain relationship in terms of effective stresses 1is

' =D (g-¢&r —&p) - (3)

where D is the elasticity matrix, and £y Ep are the initial
isotropic strains which take into account the effects of tem-
perature and pressure. In addition to the applied forces, the
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FIGURE 3- LAYERED SUBSOIL

of infinite extent. layers Fas Fg

Fp are impervious. In the pervious
layer F. a discoidal nucleus

of strain is shaded. Fp = 200 m,

FB = 1800 m, Fg = 100 m, Fp=
= 1000 m.

analysis must include the body forces corresponding to the
pressure gradient.

When a non-linear elastic behaviour is to be taken into ac-
count, the stress—strain relationship must be written in an in-
cremental form. The elastic parameters forming the D matrix
should now be updated at each time increment. -

Above equations (1), (2) and (3) have been considered by Bor~
setto,Carradori and Ribacchi (1981) for the implementation of
the 2-D planar or axisymmetrical computer code TRAITEME.

This programme takes into account the fully coupling of equa-
tions; it utilizes the finite element method for spatial dis-
cretization and a generalization of the Crank~Nicholson rule
for time integration. For practical purposes,however, in order
to reduce computational time and to solve 3-D problems, the
computer code SUBTRI has been envisaged) it will be presented
in the following.

The nucleus of strain method

This method relates the subsidence to the deformations in the
subsoil due to temperature and pressure effects (Figure 1).
The volumetric strain due to a temperature increase of a unit
volume can be expressed as

AVy = BAT (4)
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TABLE I - ELASTIC MODULI OF LAYERS
Fas Fgs Fc, Fp
for 5 different model problems.
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The volumetric stvain due to a pressure increase of the sa-
turating fluid may be expressed as

AVp = Cy Bp cy=C-C* (s)

There 1s an obvious analogy between the effect of pressure and
temperature variations. Therefore, for subsidence evaluation,
temperatire variations can be replaced by equivalent pressure
variations: for this reason temperatures are disregarded in
the subsequent notation.

Assuming a linear elastic behaviour of the soil, a displacement
component D at a surface point I may be computed, using the su-
perposition principle, as

D (D) =fva<1,u)cv<u>Ap (U) dV (6)

where &(I, U) is the displacement of I caused by a unit volu-
metric strain at the reservoir point U. Computational advan-
tages accrue if & does not depend on the two particular points,
but only on some relationship between their coordinates, as

8(I,U) = & (u,h) = 8h(u) (7)

where h is the depth of U and u is the distance of U from the
vertical axis passing through I. Such a situation occurs in
horizontally layered soils. Analytical expressions of & (u)
are available for homogeneous soils (Van Opstal, 1974). h

The fundamental solution 6éu) for more complex geological
stratigraphies can be computed by a numerical procedure, such
as the finite element method. In fact 6(u) can closely be
approximated by solving an axisymmetric problem (as shown in
the next paragraph) with an initial unit volumetric strain in a
finite volume Vj, (nucleus of strain). Of course, the maximum
diameter of the volume V., must be small with respect to the
average depth HK The same displacement solution Q§u) is ap-

k
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Table 1.

proximately valid for any volume Vj of similar magnitude and
located at the same depth, provided that the foundamental solu-
tion is multiplied by the ratio Vj /Vn . The evaluation of the
integral in Equation (6) is therefore reduced to the summation

K J |
D(D=2> 2> 8y, (ui) Cvj apj (Vj/Vn) (8)

k=1 j=1

where (J X K) is the number of subdomains into which the reser-
voir is divided.

A convenient way of operating is to use the interpolation pro-
perties of the finite element method in order to compute the
contribution to the right-hand side of Equation (8), especially
when pressure and temperature fields are previously calculated
by the same method. 1In this case, Vj is the volume correspond-—
ing to the 1integration weight of a quadrature formula.
Moreover, displacement D(I) may be evaluated at the nodes of a
finite element mesh, in order to utilize the differentiation
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properties of the interpolating polynomials in the calculation
of strains, tilts and curvatures(Figure 2).

Computation of nucleus fundamental solutions

In this section fundamental solutions are computed for the geo-
logical formation of Figure 3. The fundamental solution, used
in the following, is that due to the uniform shrinkage of a
discoidal volume located on the axis of symmetry. The forma-
tion is modelled with axisymmetric finite elements up to a ra-
dial distance of 11 km. Solutions are computed for different
model problemsin order to point out the influence of the stiff-
ness of the various layers. A summary of the analysed problems
is given in Table I. Surface displacements for the first three
cases are shown in Figure 4(a).
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the cooled region after 11 years
(5B) and 7 vyears (5C).

The problems correspond to three different stiffness values of
the cap formation Fg. The curves for Problem 2 are again shown
in Figure 4(b) to be compared with the results obtained for un-
iform subsoil and for a stiff formation underlying the reser-
voir, In this case, the results appear to be more sensitive to
the varying stiffness values.

Subsidence for some productin schemes in geothermal reservoirs

Three different production schemes in hot-water reservoirs are
studied for the geological stratigraphy of Figure 3 and for the
second set of elastic moduli in Table I. The selected schemes

are shown in Figure 5, where only a quadrant is considered be-
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TABLE 1I - RESERVOIR PROPERTIES

-1 —

PERMEABILITYkp= 5x10 4 m2 WATER VISCOSITY g = 0.15x10 9MPa X's
AT 200°C

VOLUMETRIC 4 1 VOLUMETRIC

COMPACTION C, = 1.75x10 'MPa~ ’ -5, -1

COEFFICIENT THERMAL EXPANSION B= 2.4x10 C
COEFFICIENT

TEMPERATURE T = 200°C WELLBORE a =20.15m
RADIUS

cause of symmetry., A total production rate Q =

63x10 m3 /s, equally supplied by production wells, 1is as-
sumed. For the schemes of Figures 5(b) and 5(c¢), where rein-
jection wells—-as in the secondary oil recovery schemes—are pre-
sent, the total amount of water producted is 1injected at the
same rate for each well. A constant pressure boundary is lo-
cated at a distance r, of about 9 km from the centre .

Pressure variations are evaluated by superimposing the station-
ary solutions Ap for a single well producing the flow rate q:

tn {r/a) H
= U S L L L L . =ql S 9
ap pa(l ln(wk)) » Pa=4in (%/a) 2wK Fe ( )

For simplicity, the viscosity of the fluid is assumed constant.
Actually, pressure transients are very short, and may be
disregarded.
Pressure for the scheme of Figure 5(a) is plotted in Figures
6(a), 6(b) and main subsidence effects at the surface are shown
in Figures 6(c) and 6(d). Surface effects are nearly axisymme-
trie, owing to the regular disposition and the small distance
between wells, in comparison with the depth. Stationary pres-
sure distributions for the second and third scheme (Figures
5(b) and 5(c)) are reported in Figures 7(a), 7(b), 8(a), 8(b)
and the corresponding displacements are presented in Figures
7(c), 7(d), 8(c), 8(d). Pressure variations and consequent
subsidence are lessened with respect to the first scheme (Fig-
ure 5(a)); moreover, some upward displacement arises (Figure
8(ec)). As expected, reinjection pressures have a positive ef-
fect on subsidence, due to poroelastic phenomena.
In the last two schemes (Figures 5(b) and 5(c)), however, rein-
jection determines the growth of two cooled regions, which may
be considered circular with a reasonable approximation. The
following <cooling radii, Rg= 400 m and Rg= 450 m, are consi-
dered (Figure 5), which correspond approximately to 11 and 7
years of 1injection. In Figures 7(e), 7(f), 8(e) and 8(f),
thermal subsidence is shown for a reference temperature drop
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FIGURES 6 - PRESSURE VARIATIONS AND DISPLACEMENTS FOR PRODUC-
TION SCHEME IN FIG. 5A

Contours of pressures ap: 6A, 6B. Contours of vertical displace-
ments D and vectors of tilt due to pressure: 6C. Maximum tilt =
= 5.5 pgad. Contours of horizontal displacement D due to pres-—
sure: 6D, Overpressures, upward and centrifuga P displacements
are positive,

AT = -100°C that yields values comparable to those of Figure
6(c), 6(d). It the injection is interrupted, pressure becomes
uniform quite rapidly, while the aforementioned thermal subsi-
dence remains unchanged for a long time.

A more correct evaluation of pressure field takes into account
temperature effects on viscosity. This computaion-not reported
here-has been made for the case of Figure 5(c). A noticeable
increase 1in pressure with respect to the previous distribution
in Figure 8(a) occurs only in the cooled region, and does not
reduce the thermal subsidence effect by more than 20%, however.
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DV , D T and vectors of tilt due to pressure (8C) and to temperatu-
rep(8E‘{. Maximum tilt due to pressure = 1.97 prad. Maximum
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cements DOp’ DOT’ due to pressure (8D) and to temperature (8F).
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NUMERICAL SIMULATION OF SUBSIDENCE DUE TO PUMPING WITH HYSTERESIS EFFECT
INCLUDED

Carlos Cruickshank-Villanueva
Institute of Engineering, National University of Mexico
México, D.F.

Abstract

Highly compressible impermeable, materials have in general different com-
pressibility indexes in the effective stress ranges above and below the
preconsolidation stress; this is traduced in different specific storage co-
efficients.

I. Herrera and coworkers (see references) developped a numerical method
to simulate the flow in a system of aquifers separated by aquitards which
includes a boundary solution for the flow in the confining layers and which
proved to be accurate and more efficient than a numerical integration over
a discretization grid of the aquitard. Yet, it cannot be directly applied
to cyclic head variations because of the afore mentioned hysteresis effect.

An approximate solution is presented here which extends the boundary
method to such situations. The solution was tested against finite differ-
ences results, which in general take much more computational effort and
storage allocation, obtaining very good approximation in all situations
tested. It was also tested against field measurements of subsidence with
equally good coincidence.

Introduction

It is a well known property of clayey deposits to have a larger vertical
compressibility index when the effective stress (total minus pore water
pressure) acting on the solid structure is above the preconsolidation
stress {(maximum preconsolidation stress occurred in the history of the ma-
terial) than when it is below it. This larger compressibility corresponds
to the so called "virgin'" state of the deposit in which its internal struc-
ture is weak to external pressures and deforms rapidly; when the effective
pressure is relieved, the structure does not recover its original state but
yet behaves elastically to changes in stress with a much lower strain—
stress ratio; when the preconsolidation stress in surpassed, the material
regains its higher compressibility. The compressibility of the material in
the virgin state is in general one to two orders of magnitude larger than
in the preconsolidated state. This is shown schematically in Fig 1 with
typical results from a drained, vertical consolidation test.

This behaviour translates into geohydrological terms as a larger specif-
ic storage coefficient when the pore water pressure drops below the hysto-
rical minimum (which, keeping total pressure constant, corresponds to a
maximum effective vertical stress) than when it is above it. In aquifers
which are in contact with compressible, low permeability deposits there is
an important amount of water released to the aquifer from these deposits
when the pressure drops due to pumping or to a natural decline in recharge
to the aquifer. This water comes from the destroyed internal structure of
the fine grain materials and does not return back to it as easily as it
went out. This behaviour has to be taken into account in order to explain
and predict water flow and land subsidence in aquifer systems consisting of
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Fig 1 Typical results from drained consolidation tests

permeable and impermeable layers and subject to alternate periods of head
drawdown and recovery. Its importance and consequences are remarkably well
described by Lofgren (1978) for the aquifer below Pixley, Calif. where very
well designed field measurements have been carried on.

To compute aquifer behaviour its now a universal practice to use two di-
mensional numerical models discretizing the plan extension of the permeable
layers; this is done so because in general the thickness of these layers is
small compared to its horizontal dimensions. The lower permeability of the
confining layers (aquitards) makes it possible to assume that the induced
flow in them is perpendicular to the flow in the aquifers; in this way, an
obvious extension of the horizontal discretization is that of a vertical,
one dimensional grid to compute the flow in the aquitards, building a quasi
three dimensional numerical model. With such a model, the non linearity
introduced by the above described variability of the specific storage coef-
ficient can be easily taken into account by means of iterative solution
methods. Nevertheless, for relatively thick aquitards, the number of grid
points may need to be very large in order to accurately compute the flow.

A method has been developped recently (Herrera et al., 1973, 1977, 1980,
1982) which avoids the vertical discretization of the confining layers by
computing the flow directly at their boundary with the aquifers and adding
if to the mass balance of the latter, thus reducing the dimensionality of
the problem and the computational and storage effort. This is done by
solving the one dimensional flow equation in the aquitard (see Fig 2):

K'9%H/02% = s; JH/8t (1 a)

with boundary conditions:

H(o,t) = Hy(t); H(b,t) = Ha(t) (1 b)
and initial condition:
H(Z,0) = constant (1 ¢)

where: H = p/y + Z - piezometric head; p - pore water pressure; Y - specif-
ic weight of water; Z - vertical coordinate; K! - aquitard hydraulic con-—
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Fig 2 Layered system considered

ductivity - S; - aquitard specific storage; b - aquitard thickness; t -
time; H, — piezometric head of the lower aquifer; Hy; - piezometric head of
the upper aquifer.

In their solution Kl, S! are assumed to be constant from Z=o to Z=b.
Eqs (1) are solved and the flow at the boundary with each aquifer is added
to its mass balance; for aquifer 1 this is expressed by:

t -
Ty (8°Hy /9% +3%H, /8Y%) - (k' /b) S oMy /3t| f£[B(t-1)]dr
o T

t - .
+(KY/b) S BH,/3t| h[ﬁ(t-T)jdr+Q1 = $,9H,/8¢t (2)
o T

and a similar equation for the upper aquifer. In Eq (2) Qi is an external
unit source and the unit response functions are:

~n2ﬂ28t
e

]
ot
+
N
[

f(Bt)

n -n®w?Rt
e

h(Et)

1
—

+
N
I~ 8
~~
i
hS
Nt

- wl/cal 12
B =K/(8, %)

where f is called the memory function and varies rapidly from infinity at
the origin, approaching the value f=1 around Bt = 0.4; h is called the in-
fluence function and varies from h=o at the origin, approaching h=1 for
Bt=0.4; it is for this dimensionless time that the flow becomes established
in the aquitard for a unit head difference between the two aquifers and no
water is then realeased from aquitard's storage; on the contrary, for very
short dimensionless times most of the water is realeased from storage. This
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behaviour of the unit response functions helps also in fixing the condition
of accuracy in a discretization of the aquitard if a numerical scheme is
used to compute the vertical flow; any such scheme assumes linear, or near-
ly so, pressure distribution between grid points, so that for each aquitard
subdivision its local dimensionless time interval should be equal or larger
than 0.4: K'At/ (8} Bz%)> 0.4 or AZ<|K'At/(0.4 S2)|2. This condition is
very near to that of numerical stability of an explicit finite difference
scheme: AZﬁﬁKlAt/Sé)Vz and may become a serious limitation even for implic~-
it schemes since the value of Sé may change by two orders of magnitude, as
was pointed out above.

The convolutions in Eq (2) may be easily evaluated numerically without
the need of storing the head history at the aquifer and then incorporated
to the system of equations to be solved for the aquifers (Herrera and Yates,
1977). Yet, the method cannot be applied directly when water levels alter-
nately raise and go down because then Sé will be variable in depth and time
making the problem non linear.

Analysis of pressure profiles

In an attempt to gain insight into the problem when Sé is variable, verti-
cal head distributions were computed using finite differences with very
fine point nets for different head hystories, ratios of head recovery to
previous drawdown and viceversa, ratios of recovery times to drawdown times
and viceversa; two simple conclusions were drawn from the evolution of the
head profiles:

1) If after a period of drawdown a recovery takes place, the head pro-
files have evolutions similar to that shown in Fig 3; comparing these pro-—
files with the preconsolidation head profile, one observes that most of
them have heads larger than the latter (corresponding to the lower specific
storage coefficient and which, for ease in the exposition, it will be
called hereafter "state 2") and for several periods of integration time; in
the long run, the upper part of the head profile should merge into the zone
of lower than preconsolidation heads (large specific storage coefficient
and named hereafter "state 1") but leaving always the lower part, which de-
termines the amount of water interchange between aquitard and aquifer, in
state 2.

2) If after a period of recovery, a larger than previous head drawdown
is induced at the aquifer, the resulting head profile has all values lower
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than the preconsolidation head profile (state 1) but has had an evolution
through state 2 (see Fig 4).

Hypothesis and solution
These two observations lead to adventure the hypothesis that the specific
storage coefficient could be considered to be mainly determined by the
stress state of the region of the confining layer nearer to the aquifer,
for computational purposes. In the case of head recovery the storage coef-
ficient would be the one corresponding to the higher than preconsolidation
head (state 2) and should remain there provided the head at the boundary
didn’t fall below the minimum of the head history; if the head should drop
below that value after a previous recovery, then part of the depletion
would take place under state 2 and part of it under state 1. These assump-
tions avoid the need to take the variation of Sé with the vertical coordi-
nate in the analysis, but still leaves its time dependence which in 'its
turn is dependent on the stress state of the boundary.

The equations to solve are still Eqs (1) with Sé a function of time;
Eq (la) is non linear, but may be solved considering it piecewise linear
between finite time intervals and then making the interval tend towards ze-~
ro. The solution is very similar to that expressed in Eq (2) for boundary
flows, with the difference that the argument of the unit response functions
f and h is now it self also an integral: instead of B(t-T) one gets as the

t
argument I B(ty)dT,
T
Numerical integration

The change in the solution does not introduce any serious difference in the
numerical integration previously proposed (Herrera and Yates, 1977) and is
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briefly described in the Appendix; the main change is due to the fact that
the storage coefficient is not known in advance and an iterative procedure
has to be used to solve the aquifer system of equations. Also in the
merging profile case (transition from state 2 to state 1) the integration
time interval and the head decline have to be split in two parts, the first
one having parameters pertaining to state 2 and the second one to state 1;
the time corresponding to state 2 is obtmined assuming a larger speed of
response for this state than in state 1, a factor equal to the square root
of the specific storage coefficients ratio (that of state 2 divided by that
of state 1). 1In the numerical solution, as in the solution of the differ-
ential Eq (1), the response is considered piece wise linear with sudden
change in material properties (see Appendix).

Model verification
Since there is no exact solution to the problem with a variable storage co-
efficient (with both vertical coordinate and time), the best approximation
that may be obtained is that of a numerical integration over a vertical
point net discretizing the aquitard; as pointed out above, the non linear-
ity of the equation, forces the solution scheme to be iterative. The pro-
posed method was tested against finite difference solutions for the unit
interchange discharge between aquitard and aquifer. The head history was
prescribed at the boundaries with rather extreme and abrupt changes in or-—
der to test the method stability, and with conditions receding from the as-
sumed basic hypothesis.

Two examples of result comparison are shown in Figs 5 and 6: The first
one corresponds to a long head recovery period after drawdown, a condition
which, as may be recalled from Fig 3, brings a large part of the head pro-
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file out of state 2 into state 1, contrary to the method hypothesis; the
good agreement with finite differences results indicates that the lower
part of the head profile controls the flow, as presupposed. The second
case (Fig 6) refers to a cyclic head change with growing minimum heads; the
agreement there is also good with finite differences results except in the
peaks; this might be due to the rounding off tendency of the implicit nu-
merical scheme needed in the finite difference solution.

After testing the method in these extreme conditions it is not surpris-—
ing that it fits results for more slowly varying conditions as are real
boundary conditions. What is probably more reassuring is that if fits also
field measurements. The method was used to compute soil consolidation reg-
istered in the aquitard overlying the aquifer below Pixley, Calif. as re-
ported by Lofgren (1978). He presents a six year correlation among piezo-
metric levels in the confined aquifer and compactation (consolidation) of
the confining layer of 100 m thickness. Taking the water well hydrbgraphs
as boundary heads, consolidation was computed with the proposed method
using the reported aquitard characteristics; only the vertical permeability
had to be assumed (since no value was reported) to reproduce the observed
consolidation evolution with good agreement as shown in Fig 7. An impor-
tant characteristics of the aquitard at the Pixley location is the large
ratio of elastic to virgin deformation modulus which causes that head vari-
ations within the elastic range (over preconsolidation head) have little
effect on soil consolidation or expansion.

Conclusions

The proposed method to compute flow and land subsidence due to pumping with
cyclic head variations proved to give good results when compared to the
more computing time and storage consuming discretization methods. Although
based on a partially true hypothesis the method is supported by the forma-
tion of consolidated layer near to the aquifer controlling largely the ver-
tical flow interchange between aquifer and aquitard, be it in recovery head
periods or in drawdowns after recoveries. This was confirmed testing the
method as described for extreme head variations and in reproducing some lo-
cal field consolidation measurements.

Thus, the method is recommended to be used in the evaluation of flow and
land subsidence due to pumping in aquifers in contact with compressible
layers and with cyclic head variations, or to evaluate pump suspension pol-
icies in those aquifers. For this purpose the solution has to be coupled
with a two dimensional model for the permeable layers as in Eq (2). The
solution of the coupled system of equations has to be iterative due to the
their nonlinearity. The iterative procedure has also been tested showing
to be rapidly convergent.

Appendix. Numerical evaluation of convolutions

Following Herrera and Yates' (1977) development with the new solution to
Eqs (1) with Sé a function of time, the aquitard unit flow contribution to
aquifer 1 is giben by:

Kl t t Kl t t
q ==/ (BH/’at)T £(S BdTq)dT ~ — [ (9H/3t) _ h(/ Bdr,)dt (3)
b! o T bl o Toq

Consider the first integral only and substitute the expression for f
(Eqs. 2):
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The first term can be evaluated easily between time steps taking a mean val-
ue for (BH/Bt)T in each interval. Now, write the second term for the next
time:
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This provides a recurrence formula since:

t
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is known form the preceding time. Its first value (after the first time
interval) is:

2.2
3., = Gu/sey, (- RG22,

b

The method to compute the infinite series after the mentioned authors is,
for large and intermediate times (BAt > 0.005), to truncate the series to a
number of finite number of terms and translate the rest of them to the ori-
gin to maintain total yield and, for shorter dimensionless times, to use
the same procedure with a change in the kernel argument (Chen and Herrera,
1982) . An equivalent to this last approach was used here, modified to
widen the applicability limits of the computations to account for the great
variability of the specific storage coefficient with time. The method is
based on the approximation of the series by an integral which in its turn
is evaluated numerically by quadrature formulae. This will be described
elsewhere.
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ANALYSIS OF LAND SUBSIDENCE DUE TO WITHDRAWAL OF GROUNDWATER
IN THE NOBI PLAIN

T. SATO, K. DAITO and K. UESHITA
Dept. of Geotechnical Engineering
Nagoya University, Nagoya, Japan

Abstract

Land subsidence of the Nobi plain in Japan was mainly caused
by lowering of the piezometric heads of groundwater due to the
withdrawal of it.

Allowable groundwater levels and yields for preventing land
subsidence were studied with one-dimensional and three—
dimensional finite element models of the Quaternary sediments.

Land subsidence for several future plans of groundvater use
vas predicted by the aid of these two models. The predicted
results ~were checked with the observed data. Consequently it
was cleared that the relation between predicted land subsidence
and withdrawal of groundvater was slightly different from the
observed one. This discrepancy could be solved by taking
account of the movement of the Tertiary strata, which existed
under the model, with change of groundwater head.

History of land subsidence in the Nobi plain

The alluvial Nobi plain, which has an area of 1300 km?, is
located in the central part of Japan as shown in Fig.1.

The history of ground subsidence in this area is shown in
Fig.2 by the use of three bench -marks.

The yearly rates of subsidence in this area were 1.4-1.8 mm
before 1925, 2-5 mm during the period from 1950 to 1960, 20-40
mm and more than 100

Year
m at severe sub- 1900 1920 1940 1960 1980
sided area during R N Bt e sl A i
the period from 1960 B e ——— N ": -\\\Withdrawal
to 1973. T R
Nobi :
Earthquake .
(43
~ 50 . 10 g
Subsidence T~
£ Curves T <
- i Z
Tonankati <
JAPAN it Earthquake <
“ c
N 2 100 20 :%
The 2 3 Ar B.M.1477 z o
Nobi plain = B: B.M.1474 s
i _ C: B.M.1475 =
(See Fig.3) ot
Tokyo [ ] *
Y 150 - A1 30
Nagovya L ‘ 4
Osaka | !
Y
Fig.1 The Nobi plain Fig.2 Subsidence of bench marks and

vithdrawal in the Nobi plain
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The major cause
of this increasing
subsidence was the
increasing withdrawval
of groundvater from
the confined aquifers
of the Quaternary
deposits (Iida et al,
1976). However the
rate of such severe
land subsidence is
decreasing due to the
recent regulation of
groundwvater use since
1974.

The subsidence of
this plain for 21
years from Feb. 1961
to Nov. 1982 is shown
in Fig.3. The southern
part facing the Ise
bay (W1 in Fig.3) set-

INAZAWA

IBI RIVER

NAGARA RIVER

s
<

tled 157 cm during N
these 21 years.
y N,
0 80
jjf O 5 - 10km

Desirable groundwater
level Fig.3 Subsidence for 21 years from

The authors pre- Feb.1961 to Nov.1982 in the
pared one-dimensional Nobi plain ( ecm )

consolidation model in

order to find out desirable groundwater level for preventing
land subsidence. This model 1s able +to compute the time-
dependent consolidation phenomena of aquitards due to lowering
of the piezometric head of groundwater in confined aquifers.

In this analysis groundwater in aquitards was extracted as
one—-dimensionally vertical flow into aquifers of which piezo-
metric head was dropped down by withdrawal of groundwater. As
the displacement of soil is also one-—-dimensionally vertical one
at each computational point, the continuous equation of ground-
water flow 1in a saturated aquitards can be expressed as fol-
lows;

dh o ,0u
B (g3 (52 ()

where h denotes the piezometric head of groundwater, u denotes
the wvertical displacement of so0il, k, denotes the vertical
permeability and z denotes the vertical co-ordinate.

The equilibrium equation in the saturated soil 1is also
expressed as followvws;

2 (EQL+vu(h-2)} +1=0 @)
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wvhere v, denotes the unit weight of groundwater, E denotes the
modulus of elasticity of laterally confined soil and Jf denotes
the gravity force.

In this analysis, the Tertiary layer was assumed to be
impermeable bed rock. Then the boundary condition at the bottom
of Quaternary deposits was introduced as follows;

_oh_
kZaZ~O (3)
u=0 4)

The change of piezometric heads of aquifers was known with
many observation wells installed 1in this plain. Accordingly
these observed data on the piezometric heads of aquifers were
used as known variables in this computation.

As the land subsidence in 1850 was still negligibly small,
pore water pressures in aquitards vere assumed to be hydrosta-
tic conditions at that time.

Computation of finding out the desirable groundwater level
preventing land subsidence was performed for three locations;
Matsunaka(W1), Tsushima(W2) and Nagashima(W3), where observa-
tion wells W1, W2 and W3 exist as shown in Fig.S3.

Year
1950 1955 1960 19565 1970 1975 1980 1985

Assumed recovery of
I piezometric heads
in one dimenstional

consolidation model !

T Y

-10.0 T
Piezometric heads of i
confined aquifers used

20,0 } - 4

Piezametric head of groundwater ( m )

Observed plezometric heads
of canfined aguifers

|

-30.0 t

L

Fig.4 Piezometric heads of confined aquifers
in one—dimensional consolidation model
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Compressibility my , Expansibility my ( em?/kgf )

- - ~1
107° 107° 10
3 1 T EH T T 17 [ T T T T LENLEERREN | T T T T LA L] l‘
Permeability k —y ( cm/sec ) e
10~ 10 10
1) i i T LI I B 4 I T 1 L Ll T r 17 ' T T T T T T l‘l_‘
M.S.L. X0
sand |
S -—3
-20f (AlTuvial o 8% ¢ ata 3g°,% 4
1 RS ° A B !.A Re
_40F cay ° o © 1 9 o olrAray
Gy sed in one dimensional
. ~60f BSETR olidation model
O
B _gob | Atsuta °
~ clay o
~100 =~
E (e Legend
9 - H T e Compressibility =
A ~120F 1y o Atsuta oPo 0248 ® A ° Expansibility
_1s0k clay mio " A Permeability
Y3
Sand . Gy: The first confined aquifer _
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Fig.5 Results of oedometer tests and soil profile
The piezometric Year
heads of groundvater (1)950 1955 1960 1065 1970 1975 1980

and displacements of
soil layers within the

Quaternary deposits 2

vere calculated Calculated consolidation
: : . . /nf soils between the

aCCOI"dlng to the plez— Calculated consolidation around surface and the

of soils between the ground
surface and the bottom of
the third confined aquifer

depth of 150m

|

ometric heads of the
1st, 2nd and 3rd con-

40

E

fined aquifers. Nodal ¢ G.L. -200m )
points for calculating 60
consolidation pheno—
mena vwere located at =

B 80
each 1 or 2 meters
within aquitards. £

Fig.4 shows the = |4l
: : o Legend
Observed pleZOmeFTlC prd @ Observed settlement at bench mark
heads of confined No.35-17
aquif‘ers at Matsunaka 120 b— O Observed compression between the -
. . ground surface and the depth of 150m

Observatlon Well since at the Matsunaka observation well
1972 and the assumed 4o [ | ‘

ones for the calibrat-
ing computation of Fig.6 Comparison of calculated settle-
subsidence during 1950 ment with observed one
to 1977. Although sea-
sonal fluctuations are seen in the factual piezometric heads,
smooth curves on the average vere used in this analysis.

For the first +trial computation, coefficient of volume
compressibility m, , coefficient of volume expansibility my and
coefficient of permeability k were assumed by the mean values
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of oedometer test results. On the case of Matsunaka, the first
assumed coefficients needed not to be changed as shown in

Fig.5. But on the other two observation wells, the first

estimated ones were modified by the calibrating computation.
The comparison of com-— Pore water wressure | kgf/em )

puted land subsidence 0.0 1.0 2.0 3.0 4.0 5.0

with the observed one is G.L.10 T T

shown in Fig.6. Computed Legend

pore water pressure could 0 Observed value

be compared with the in 1971

observed one of  the ©Qbseryed value

alluvial clay layer at ~10

Matsunaka in 1971 and
1978 as shown in Fig.7.
Computed results were
proved to have a consid-
erable good agreement
with the observed ones
from these figures.

Fig.8 shows the pre-
dicted rate of land sub-
sidence in 1985 assuming

m )

{

llydrostatic pressure

Depth

several recovery speeds -30 ]
of grc_)undleater heads E?.S Calculated value Calculated value
shownlln Fig.4. T?g hgr%~ in 1977 \_in 1971
zonta axis 1n Fig. is B
the assumed piezometric l j

_ head of groundwater in -40 i
1985, and vertical axis Fig.7 Comparison of calculated pore
is the predicted rate of vater pressure with observed
land subsidence in 1885, " one

According to Fig.8, the |
authors concluded that -10

piezometric heads of G
Legend
roe i S
b A w2 e _

G.L.-10 m are desirable
groundwater condition to
cease land subsidence of

¢ mm/vear )

Land subsidence

in 1985

B W3

the Nobi plain in 1985. G - - — > vy
A,llowa_ble f[leld of‘ gLQU_r_Ld_ Average piom.ymulri(' head of
vater from the Nobi plain groundwater in 1985 (m )

The groundvater move- Fig.8 Predicted rate of land
ment in Nobi plain was subsidence assuming recovered
computed by using the average level of piezometric
three-dimensional finite heads at W1, W2 and W3 ( See
element model of this Fig.3 ) in 1985
groundvater basin. The

future allowable withdrawal of groundwater that will not cause
the land subsidence was studied by the aid of this model.

According to Darcy’s lawv and the equation of continuity, the
following fundamental equation was applied to the finite
element analysis on groundwater flow;

y=s9h 1y (5)

3 9
BE(’”fa:L” <k‘*ay>+ “CZaz ot
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where x,y,z denote the Cartesian coordinates,
coefficient of permeability in x,y.z directions, s denotes

the
the specific storage, h denotes
vater
a unit volume per unit time.
The Nobi groundwater basin
was divided into 2646 tetra-—
hedral finite elements. Fig.9
shows the area of the Nobi
groundvater basin model which
is 1164 km? and covers about 90
percent of the Nobi alluvial
plain. Because change of the
groundvwater head in the wuncon-
fined aquifer is small, the
groundvater head of unconfined
aquifer was assumed to be
h=const. (8)
The Tertiary strata beneath
the Pleistocene were assumed to

be impermeable. Then the fol-
lowing boundary condition was
introduced at the bottom of
this model.
h 3h

kx%lx-i—kyb—qu

+k 2 1=0 (7)
wvhere N AV denote the
direction cosines of outward

normal to the boundary surface.
At the boundaries where this
model faces to the Ise bay and
eastern part of Nagoya city,
the following boundary condi-
tion was used.
g=o(h—hg) (87
where g is the groundwater dis-
charge through a unit boundary
area per unit time, «a 1s the
leakage factor, which is deter-
mined by the average permeabi-
lity and distance from the
recharging source to this
model, and hg 1is the piezo—
metric head of groundvater of
adjacent recharging source.
Schematic explanation of these

ky »ky , k= denote

the piezometric head of ground-

and w denotes the average withdrawal of groundwater from

8 7 6 5 4 3 2 1
(s 7 ¥ 7 7 1
Ag - 4.4 ¥m
Bf” GHH\
clr KISO RIVER] 7//
OHGAKT
ol 3
B <L T ¥
TCINOMIYA 3.6 km
Fr = \\J !
G"\QE Pq
& E INAZAWA | SHONAT
B RIVER
, :
I 1
TSUSHIMA NAGOYA
k.
K w \‘
Lk 1\‘@\. M
B \_—\ ’) N
M M '
MATSUNAKA
NT o oMs \ <
ISE BAY
0 5 10 km
S ————

Fig.9 The area of three-dimen-—
sional Nobi groundwater
basin model

q=0y (hy~hg)

B
Fagxlethygylythiy g lat

Fig.10 Schematic explanation
of boundary conditions

boundary conditions are shown in Fig.10.
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Fig.11 shows the vertical M-M' section of the Nobi groundwa-—
ter basin model shown in Fig.9. Alluvial and pleistocene strata
in the Nobi groundwater basin were modeled as geometrical six
layers. The second, the fourth and the sixth layers of the
model are corresponding to three main aquifers ( Gl1, G2 and
G3 ), and the first, the third and the fifth layers are com-
pressible layers in the Nobi groundwvater basin model.

This groundwater basin 6 5 4 3 2
model was divided to 16 MS.L.t0p ———
soil layers based on ’ Tﬁ;ﬁ;ﬁﬁ@mr
coefficient of permeabi- —soll. [FTHETERond  ayer
lity and specific storage [ (Athe HPSEEaG i £4F Cr )
as shown in Fig.12. ~ The third layer,

The coefficient  of ~100f [wThes FoREEh:
permeability and specific
storage of this model
were determined based on
various soil test data
and many pumping’ test -200 |-
data. These so0il para- :
meters were used as the
soil parameters of the =250
first trial computation
from 1961 to 1977. Com-—

m

(

leis\toé"éne

-150f

Depth

Tertiary

Legend Aqui fer

_ L ;
paring the computed piez-— 200 ] %ﬁgﬁsmk
ometric heads of ground- Fig.11 Vertical sectional view
vater with the observed ( M-M’ section in Fig.9 )
ones, these so0il para-
meters were modified by 1st layer 2nd layer 3rd layer
the trial and error
method until computed
piezometric heads of
groundvater became simi-

lar to the ones of obser-
vation well.

Result of calibrating
computation in Fig.13
shows the computed piezo-

15
16

metric heads of groundwa- 4th layer 5th layer 6th layer
ter at a nodal point near
Matsunaka observation
well (M-5 shown in Fig.9).
The observed piezometric
heads of groundwater are
shown in Fig.13. The com-—
puted piezometric heads
are similar to the
average trends of

observed ones. Allowable Fig.12 Soil layers of the model
yield that would recover

the piezometric heads of confined aquifers to desirable ground-
wvater level was studied with this model and the work described
in the preceding chapter. The computations were performed for
five cases of the future withdrawal, assuming as follows;

95



(a) Since 1978 the withdrawal of groundwater would be kept
at the yield of 1977.

(b) The yearly withdrawval of groundwater would be reduced by
20 percent of the yield of 1977 since 1978.

(¢) Following the condition (b), the yearly withdrawal of
groundwvater would be reduced by 40 percent of the yield of 1977
since 1979.

(d) Following the condition {(c¢), the yearly withdrawal of
groundvater would be reduced by 60 percent of the yield of 1977
since 1880.

(e) Following the condition (d), the yearly withdrawal of
groundvater would be reduced by 80 percent of the yield of 1977
since 1981,

The results of the computation at the nodal point M-5 (see
Fig.9) are shown in the period of prediction of Fig.13. From
this figure it is concluded that the future withdrawal must be
decreased to about half of the yield of 1977.

Prediction of land subsidence

Prediction of land subsidence by lowering of plezometric
heads due to the withdrawal of groundwater was carried out by
using the three-dimensional and one-dimensional finite element
models. The three-dimensional model was used to estimate the
relation between the withdrawal of groundwater and the piezo-
metric heads of confined aquifers. The one-dimensional model
was used to calculate the land subsidence in relation to change
of the piezometric heads in confined aquifers estimated by the
three—-dimensional model (Ueshita and Sato, 1981). Fig.14 shows
the predicted results at Matsunaka observation well Wl (see
Fig.3) and the observed data obtained at bench mark No.35-16
installed near this observation well. Solid lines 1in this

Year
1965 1970 1975 1980 1985 1990 1995 2000

M.5.L. 50,0 T T T T T T
| - Calibration——-’&‘———-?rediction——»
I

Computed piezometric head of
the, lst confined aquifer

(m)

Observed piezometric

head at the Matsunaka
observation well
of 504 m in depth

~10.0 -

sldo [o o jo

. Computed
piezometric
-20.0 Ihead of the
 2nd confined
aquifer

i
|
|

I

“0Observed piezometric head at
the Matsupaka observation well of
150m in depth l

)

Piezometric head of groundwater

~30.0

Fig.13 Computed piezometric heads of groundwater
at M-5 point in Fig.9 and observed data

96



Year

1950 1960 1970 1980 1990 2000
[¢F G BB e I L L L B AL SR B
- 20k 4—Calibration—we—Prediction—
5 |
T sof
o 5
wy
I eo0fF
- .
(o]
] 80F
o
" 5
= Legend
¢ 100
S | ® O Observed data
o at bench mark &
w120 No.35-16 @l e o L= /d’
@ L
@ 3 -— Only the Quatenary @
id - deposits | SSom———C e €
W 140 — b
5 X --= Modified results Sk
e 160k considering of rebound | o
within the Tertiary strata
|
180
Fig.14 Predicted and observed land subsidence at bench

mark No.35-16

of the Nobi plain
figure are computed results
neglecting the movement at
the base of model. From
these results it was shown
that the recent withdrawal
of groundwater in this area
decrease corresponding to
the vithdrawal condition
between (d) and (e).

Fig.15 shows observed
settlement of Dbench mark
No.35-16 and observed con-
solidation of layers at the
Matsunaka observation well.
From these observed data,
it is cleared that rebound
is occurring in the layers
deeper than G.L.—-150 m. The
recovery of groundwater
level in these deep layers
makes the rebound of these
layers as a result of the
regulation of withdrawal of
groundvater in this plain
since 1974.

This
also by other observation

near

Settlement and consolidation

vells.

Year

i??S 1976 1977 1978 1979 1980

Matsunaka observation well

1981

1982

™ T T t T

50m depth

\\/
\
N
6 AN N
] N, \\\\
N
N ~
\\ \\\\

L \\

( cm )

1975

™~

N

~
~

since Dec.

L. "Consolidation

of layers from
ground surface to
150m depth

mark No.35-16

14 L . L L L

. Consolidation of layers
from ground surface to

Settlement of bench

Fig.15 Settlement of bench mark

and consolidation
layers at
observation well

Fig.16 shows the
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rebound phenomenon at the Tertiary surface can be seen
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between the rebound and the recovered head of groundwater in
the third confined aquifer. According to this figure, about 7
mm of rebound at the Tertiary surface was known per 1 m recov
ered head of groundwater in the third confined aquifer.

The former predicted
results were modified as shown
in dashed lines of Fig.14 by
use of the relation between 1 0 Matsunaka
rebound of the Tertiary strata @ Tsushima
and the recovered groundwater
head of the third confined
aquifer. From these modified
results, the recent withdrawal
of groundwvater proved to
decrease corresponding to the
yield plan (¢’ ).

Fig.17 shows the investi-
gated vithdraval in the
coastal area of the Nobi
plain. From this figure it is
assured that the recent with-
draval of groundvater is
decreasing the yield plan (c).
Then the authors concluded Recovered head of groundwater {( m )
that the precise prediction of
land subsidence should take Fig.16 Rebound at the Tertiary

30

Legend

( mm )
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20 F A Jushiyama
A Jimokuji

O Sobue
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Fig.17 Recent withdrawal of groundwater at coastal area
of the Nobi plain
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HYDROGEODEFORMATION FIBLD IN STUDYING PROCESSES OF LAND SUBSIDENCE

G.S. Vartanyan
All-Union Research Institute of Hydrogeology and Engineering Geology
Mogscow, USSR

G.V, Kulikov
Ministry of Geology of the USSR
Moscow, USSR

Abgtract

An extensive development of natural resources, fluid mineral deposits in
particular, results in sharp and sometimes irreversible environmental conse-
quences. Such unfavourable effects also incorporate processes of land sub-
sidence frequently encountered on the globe and attributed to a mass extraec—
tion of ground water, oil and gas followed by the pressure drop in the sub-
surface and rock consolidation., Presently, re~levelling that embraces

large time intervals and provides registration of changes in the position of
the ground surface amounting to several millimeters per year, is one of the
basic observation methods to be applied toward the study of this process.
Studying hydrogeodeformation field that represents a new specific type of a
geophysical field, enables the specialists to determine the mechanisms of
subsidence processes as a result of a change of the stressed state in the
collector used and in its surroundings, to register the trends in the devel=-
opment of deformation processes, and to predict the probability of disas-
trous land subsidences,

Digcussion

Alongside favourable effects, an extensive economic development in vast
regions is accompanied by some negative processes that result in the failure
of large land areas, land-slide formation, water level rise at urban and
agricultural territories, etc.

Among such consequences that produce considerable economic losses in
many countries, processes of land subsidence caused by a combined impact of
mining and oil industries, extensive ground-water withdrawal, natural and
technogenic karst, etc. can be distinguished.

Being low-amplitude processes at the initial stages of development,
they acquire considerable scales at the mature stage with a cauldron em-
bracing areas of tens and sometimes hundreds of square kilometers.

Hence, a time identification of trends in the development of the inter-
nal processes which can lead to irreversible land subsidences is considered
to be the most important practical problem in modern engineering geology and
hydrogeology.

A universal occurrence of a stress field accounting for a distribution
of compression and extension areas in a rock mass was established in the
course of engineering activity, mining, production of hard, liquid and
gaseous mineral deposits.

Recently, in analyzing various aspects of interrelations between the
earth's stress field and geologic, geophysical, hydrogeological informationm,
one can assume the existence of definite regularities attributed to genetic
requisites of such relations. Determination of these regularities is neo
doubt of importance for the rational use of the subsurface, as well as for
correct and time management of the processes that originate or are activated
under a man's geoenvironmental impact.
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Fig. l--Water table variations in a well (h) and earth surface deformations
(@), (by Monakhov, Khantaev, Saprygin, 1979)

A new unknown before phenomenon of global transient pulsating variations
in hydrogeosphere attributed to an ability of the latter to respond to a
change of the stressed state in the lithosphere (Vartanyan, Kulikov, 1982,
1983) was established in the USSR as a result of a series of longterm
studies concerning the regularities of changes in the ground-water regime
under various natural environments and technogenic impact. This phenomenon
was registered as a discovery in the state list of the USSR, and in essence
it describes rather a unique hydrogeodeformation (HGD) field.

The main regularities in the development of the HGD-field under natural
and disturbed conditions were studied using specially developed methods of
investigating the stressed state in rock masses, This enabled determination
of the main features of the HGD-field, as well as an assessment of the poten—-
tials for its use toward the solution of some applied problems, Constant
subsurface redistribution of fluid components in the lithosphere due to a
change of natural (endo-, exo- and technogenic) stresses in its solid sec~
tion, as well as due to formation and decay of numerous thermodynamic,
physical~chemical anomalies that control the areas of short-lived (hours,
days, months) microdeformation processes was demonstrated.

Thus, the HGD-field is a resultant of a simultaneous effect of numerous
varying in force and trend processes of a matter deformation in a total rock
volume,

Here, as implied by the specific features of the HGD~field development,
not all of the deformation processes are to result in the formation of dis-
ruptive or plicative dislocations, The latter evidently are the final forms
of a long~term oriented development in large lithospheric sections, as well
as particular rock masses in the zones of intensive technogenic processes,
In this case, the short~lived strain sitructures composing a spatial fabri-
que of the HGD-field reflect a pulsating in real time regime of a change of
the physical state in a study geologic section,

Recently, the relation between some hydrogeological parameters (heads,
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Fig. 2a~~Map of hydrogeodeformation field in West Siberian-Middle Asian
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water temperature, etc.) and the degree of rock deformation has been deter—
mined.

Here, a large series of experiments performed show absolute coincidence
of the "compression ~ extension" curve derived using demographs toward any
particular region and the curves showing the depth of water table in the
wells of this region (Fig. 1).

While regarding this relation, for example, an approximate assessment
of rock deformations on the amplitude of ground-water table variations be~
comes possible, In particular, using the data on measurements performed at
Sakhalin-Kurily test ground it can be assumed that each centimeter of wate
level drawdown here corresponds to a value of relative extension (d .9.10 7).

Existance of the HGD-field and the short~lived strain structures can
be comprehended judging from a common proposition that sounds as follows:
in a certain filtration area governed by the law of a fracture porosity in
a mass, processes of heat and mass transfer will occur, according to the
nature of a spatial distribution of the adequate physical-chemical and ther-
modynamic potentials, and will be recorded using values of the head, concen-
tration, temperature, gas elasticity, etc.

Under constant conditions at the external boundaries the character of
the fluid distribution in a collector is governed by the laws of potential
heat- and mass transfer, and appears to be stable with time., Given a dis-
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turbed initial state of a confined water system (storage capacity), anoma-~
lies presented by the changes in filtration flow structure %its hydrodynamic,
concentration, thermal and other constituents) occur in conformity with the
nature, power and point of application of a disturbing impulse.

Hence, a reconstruction of the collector capacity can be regarded as
the HGD-field model that objectively reflects a stressed state in the sub~-
surface during various periods of time,

Such reconstructions may be observed only provided that mechanical
stresses and relative sirains in a mass are developed much faster as compared
to fluid flow processes in a collector. Otherwise, a relaxation of geody~
namic anomalies attributed to filtration processes would take place.

To accomplish an operative observation of the process development an
automatized information system "Moire" was constructed that provides com=
pilation of the HGD-field maps and pletting the deformation curves which
describe the rates and tremds in the short-lived structure development,

Studying the HGD~field in large regions of the USSR enabled establish~
ment of the specific features in the origin and development of the short-
lived strain structures.

It bas been defined that a standard HGD-field either in mountain~
folded regions, or within the limits of platforms and shields possesses an
irregular structure, ise. extension zones in the form of isolated bex
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structures appear and degrade among the sites of weak compression during
short~time periods (Fig. 2a)., Suech morphological field variations have a
flickering nature, A rather distinet regularity is noted:; +tensile strain
developed at a particular area relaxes, on reaching a definite limit, and
is replaced by a relative compression, and v.v.

Also an existence of an abnormal HGD-field is registered, i.c. partic~
ular isometric spots of the strain structures are increased in size, elong-
ate via their merging and forming linear extended structures (Fig. 2b).

The entire HGD-field becomes structure~oriented, ie, the elongated
extension zones allternate or intersect the extended compression areas,

Such transformations of the HGD-field evidence the occurrence of fast
pulsating changes in physical parameters of enormous undisturbed rock masses,
It is apparent that in the regions subject to an active technogenic
impact the HGD-field will acquire specific features indicating the course of
the processes of rock consolidation, strata pressure drop, rock mass defor-

mation and sliding into a cauldron.

High sensitivity of the HGD~field to microstrain alterations in rock
masses may be the most important indicator at the initial stages of cauldron
formation, Therefore, in this case, gquite natural is the appearance of a
specific instrument to be used in land subsidence monitoring, time developmen:
of the solutions that provide optimization in withdrawal of ground water
and other fluids, as well as consideration of the problems concerning the
geoenvironmental protection against unfavourable effecis,
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ASSESSMENT OF THE TRANSIENT NATURE OF SUBSIDENCE

F.B.J. Barends and J.A.M. Teunissen, Delft Soil Mechanics Laboratory, and
A. Verruijt, University of Delft, Holland

Abstract

To meet the demand for agriculture land and housing in populated delta
areas wetland is reclaimed into polders, i.e. lowlands with precise water-
regime control. This will change the geo-hydrological system and may cause
land subsidence in the environment. Increased withdrawal from groundwater
storage causes piezometric drawdown and may result in subsidence. 0il and
gas production by compaction drive induces similar effects. The reservoir
shrinks creating subsidence at the landsurface.

Simulation models are applied to evaluate and predict these environmental
effects. The main problem is the schematisation of the actual complex geo-
hydrological and geotechnical system. Since acquired date are incomplete,
sophisticated models cannot be tuned properly. One is apt to apply simple
models, but most of them are not reliable to predict subsidence behaviour.
To release this quandary a new approach is suggested: the method of the
transient leakage factor. This approach yields simple models yet covering
the essential phenomena properly. The present contribution deals with the
implementation of the approach with the emphasis on time-variant and three
dimensional effects.

Land subsidence modelling

The general assessment of problems related to landsurface subsidence due
to fluid withdrawal from aquifers and reservoirs is to be performed by the
following activities:

- recognition of the geo-hydrological system;

- gelection and development of simulation models;

- field monitoring and verification.

In this paper the modelling of subsidence is considered. For the numerical
modelling of subsidence various levels of approach can be distinguished
(viz. Saxena,1978; Helm,1982; Coats,1982):

- black box model. This aproach is based on a purely empirical concept.
Obgerved land-subsidence is related to total production from aquifers and
reservoirs (global mass-balance). Forecasting subsidence by extrapolation
of black box data is unreliable.

- uncoupled model. This model represents the conventional approach. It
consists of a regional model, that generates the reservoir compaction, the
actual pressure and discharges, and a consolidation model, that simulates
the effects of slowly-draining intermediate clay layers also contributing
to the observed land subgsidence. The calculated pressure in the reservoirs
represent the boundary conditions for the consolidation process in these
clay layers. The flow field and the consolidation process are uncoupled.

~ semi~coupled model. This approach is similar to the uncoupled model,
but processes in the aquifers and reservoirs are coupled to the slowly
draining intermediate clay layers. The drainage from consolidating layers
is included in the flow system. The complete system can be solved on the
basis of approximate analytical solution techniques.
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- fully-coupled model. This is physically the most complete approach.
In principle three-dimensional processes are considered including horizon-
tal deformations. This approach demands many parameters and is relatively
costly. It is a valuable tool to study involved phenomena and to evaluate
some simplified models. For many problems, particularly for large regions
this level of sophistication is not recommended, and often not necessary.
In principle one can state that the level of approach to be chosen depends
on the quality of available data. Essential input for the subsidence fore-
cast is knowledge about the production strategy.

Transient nature of subsiding systems

Geo-hydrological systems revealing landsurface subsiding caused by fluid
withdrawal are conceptually well classified as reservoir- or aquitard-
drainage models, in which less pervious intermediate layers (aquitards)
serve as hydraulic separators. If only vertical deformation is considered,
two components can be distinguished in the subsidence, to wit: vertical
deformation in the reservoir, called compaction, and vertical deformation
in the aquitards, called consolidation. The time dependent behaviour is
formulated by means of storativity of the aquifer, while the contribution
from aquitards is expressed as leakage, commonly described by a constant
leakage factor and proportional to the reservoir pressure.

This concept has been suggested already by Jacob (1240) and it has been
applied widely since. However, for time-dependent flow conditions the con-
tribution of aquitards cannot be properly described by a constant leakage
factor. Only in special situations where the compaction is dominating the
consolidation (van der Knaap,1967) Jacob's concept applies.

To show the difference between consolidating and compacting systems the
following five models are considered; each one simulates the piezometric
response of a leaky aquifer to a time-variant plane-symmetrical boundary
condition: H(x,t) = Hjcos(wt).

Model I: a rigid aquifer and a rigid aquitard with a constant leakage fac-
tor. The response in the aquifer becomes:

H(x,t) = HO exp(-x/A)cos{wt) (1)

Model II: a deformable aquifer (elastic storage) and an impervious upper
layer. The response in the aquifer becomes (Verruijt, 1982):

H(x,t) = H exp(-x/Ay)coslut -~ x/A,);i Ay = Y2c/w (2)

0
in which ¢ represents the aquifer compaction coefficient, related to the
aquifer storativity S by: S = KD/c (XKD is the aquifer transmissgivity).

Model III: a rigid aquifer and a deformable aguitard. In the aquitard the
vertical consolidation process is formulated according to Terzaghi by the
consolidation coefficient ¢' (see Verruijt, 1982a). The response becomes:

H(x,t) = Hy exp(-x/Ay)cos(wt - 0.41 x/Ay); Ay = 0.910/V8; § = a/w/2c’  (3)

Model IV: a deformable aquifer and a rigid permeable aquitard. The leakage
is directly related to the changes in the aquifer piezometric head H ; no
time delay due to processes in the agquitard are considered. This model is
common for the pumping test evaluation (Hantush,1964). The response is:
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H(x,t) = H, exp(-x/A )cos(wt = ax/A, ); Ay = A=mmm=— ;i B wA? /c; (4)
0 w o w s ;
1482 o = tan(}atang)

]

Model V: a deformable aquifer and a deformable aquitard. The response in
the aquifer becomes (Barends, 1983):

H(x,t) = Hy exp(-x/Ay)cos(wt = ox/Ay); Ay = A-r=zzzc; e =1+ B/S (5)

’
Vs/1+e o = tan(%atane)

The corresponding pore-pressure in the aquitard is:

h(x,z,t) = Hy exp(-x/A ~zVw/2c")cos(wt - ax/Ay-z/w/2c') (6)
and the total vertical (cyclic) subsidence becomes:
d
s{x,t) = (KD/c)H(x,t) + [(K'/C')h(x,z,t) dz (7)
9

The difference between the various simulation models becomes apparent when
an observed leaky aquifer behaviour is elaborated. The considered observa-
tion concerns a tidal response in a coastal leaky aquifer (see Figure 1).
The graphs show the correlation of the piezometric head at two positions,
one at the coastline (point A) and one 50m inland (point B). Several tides
have been recorded. The plotted data can be visualized as tilted ellipses,
which incorporate amplitude decay and delay. For the previously mentioned
models the data gives: Nu= 120m and a = 0.58. Next, characteristic parame-
ters for the geo-hydrological gsystem can be determined, the leakage factor
and the storativity. However, the calibrated values depend strongly on the
simulation model chosen. The following table shows the results.

- model =——wrereeene————— e———— result —~=~——-
reservoir reservoir - environment A/Am S/KD
compaction permeable consolidation

I no yes no 1.00 -
II ves no no - 6.25
IIT no yes yes 3.45 -
v yves . yes no 1.25 3.55
v yes yes yes 3.85 1.55

A prove that a leaky aquifer indeed responds to tidal fluctuwations is pre-
sented in Figure 2, showing very accurate subsidence measurements in the
gasfields in the north of the Netherlands. Since the aguitard might play a
major role in the subsidence process, it is important to select the model
that simulates the land subsidence due to fluid withdrawal in a physically
consistent way. Models III, IV or V are suitable for subsidence; model III
and V for consolidation of the environment (aquitards); model IV and V for
reservoir compaction (aquifer). In model V the flow process in the aquifer
and the consolidation process in the agquitard are covered in a physically
consistant way. A simple method is developed to overcome the more complex
formulation of this model: the method of the transient leakage factor (see
Barends, 1982). This approach is classified as a semi~coupled model. It is
applicable for regional subsidence problems.

Another striking example of the time-variant behavior of subsiding geo-
hydrological systems can be shown on the basis of the complete solution of
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FIG. 1 Decay and delay effects in a reservoir response (leaky aquifer)

the drawdown in a leaky aquifer system due to a steady well operating from
time t=0. The solution is (model 1IV; Hantush, 1964):

H(r,t) - Hg = (Q/2TKD) W(a,p); o = r/2/ct; p = v/ (8)

where ¢ is the aquifer compaction coefficient, X is the leakage factor and
W is a well-function, defined according to:
roo
w(a,p) = J exp(~u?~ (p/2w)?)/u du (9)
o
If slowly~-draining layers contribute to the process, model V applies. The
analytical solution exists for a thick aquitard, according to:

H(r,t) - H, = (Q/27KD) B(a,B); o = r/2Vet; B =p%8; & = a/2/c't (10)
where the function B is defined according to:
'rOO
B(a,B) = %J exp(-u)erfc(f/vu(u~a)/u du (11)
o
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FIG. 2 The measured response of a coastal leaky aquifer to tides.
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The approximate solution according to the method of the transient leakage
factor yields a similar solution, but now the function B simplifies to:

B(a,B) = Kolx/Ac)s Ay = A /Y (A2/2ct) + (d/V2¢'t) (12)

This expression is identical to the standard solution for a semi-confined
aquifer (see Verruijt, 1982) but with a time-variant leakage factor. The
solution shows similarity to a formula valid for semi-phreatic systems (
is then a Boulton's drainage factor).

In Figure 3 the various formulas are presented in a dimensionless form.

The shape of the réservoir pressure distribution ig in fair agreement for
all solutions. However, the essential difference is the time dependency,
since the ordinate for model IV is: r//E—, and for model V: r//KD?c't/K'.
This implies that the process of compaction is developing proportional to
/E>, whereas the consolidation proceeds accoring to V€ . Consolidation in
the intermediate slowly-draining layers will proceed at lower speed. It is
significant for the evaluation of the final subsidence.
Inhomogeneities in the considered system ‘can be accounted for by adopting
double sources along the interfaces of inhomogeneity with a strength to be
determined from continuity requirements. The field effect of these sources
is formulated by equations (10) and (12).

Coak .
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FIG. 3 Comparison of various models: a steady well in a leaky aquifer

Implementation of the transient nature of subsidence

In many geohydrological systems subsidence is due to consolidation in the
intexrmediate and adjacent slowly~draining layers. In loose unconsolidated
reservoirs compaction forms a major cause to subsidence (Abou-Sayed, 1982).
Because the consolidation and deformation response in the environment are
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due to the reservoir behaviour (Geertsma,1963;Gambolati,1973), the envir-
onmental behaviour must be considered, particularly with respect to final
subsidence prediction. Xnowledge about the deformation and consolidation
behaviour is essential for the evaluation of subsidence.

To formulate subsidence the essential phenomena involved must be quali-
fied and the dominating process must be selected. In the previous section
a simple formula has been presented, that covers reservoir compaction and
environmental consolidation. A formula also valid for the leakage phase is
available. The transient leakage factor becomes (Barends,1983):

Ae = A /Y(A2/2ct) + (1//27) (1+exp(-v2/ 1))/ (1=exp(~/2/T)); T = c't/a® (13)

The time regimes of the various processes involved can be evaluated on the
base of this expression. Two critical values appear: t;=A“/c and t;=d /c'
For a sudden disturbance the following is found:

dominating process

period

t < Min(t:,t2)
Min(t, ,t2) < t < Max(t:,t2)
Max(t;,tz) < t

compaction and consolidation
compaction or consolidation
constant leakage

Obviously the ratio: N = t,/ty, is a key to distinguish between a consoli-
dating system (N >> 1) and a compacting system (N << 1). Close inspection
of the number reveals, that it represents the ratio of vertical strain by
consolidation and vertical strain by compaction.

The number N is a simple instrument to characterise subsiding systems,
using approximate values of a limited number of basic material properties:
layer~thickness, permeability and soil compressibility. It is essential to
insert however parameter values relevant to the process conditions.
Granular deposits reveal a
typical non-linear
behaviour, related to the
type, origine and in-situ
state and to the
geological history (the
maximum burrial stress).

In weak rock pore collaps
may occur under specific
stress conditions (Figure 4)
A adequate material ) strain
investigation is required. 108 20%

Consolidation of adjacent layers is strongly effected by sand layers or
lences, which accelerate the drainage drastically. A laboratory test will
probably show a longer draining period than observed in the field (van der
Knaap,1963). Three-dimensional constraints may contribute to thig, and the
behaviour of fluid-gas mixtures requires more attention (Teunissen, 1982).
Recognition of the stratification of the environment by boring and tests
on samples provides sufficient information to determine a field response
consolidation factor (Vreeken & van Duyn,1983). It may differ some orders
of magnitude from values determined in the laboratory.

isotropic pressure

ny= 0.40
compression

pore coflapse
strength 5 MPa

Limestone

FIG. 4

Application for a regional subsidence problem
In the Netherlands the lowlands are situated in an area with a typical
geo-hydrological stratification. The toplayer consists of continuous semi-
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pervious soil deposits (holocene), and underneath a thich permeable sand
deposit (pleistocene). In this sandy aquifer gome large clay lences occur.

In a large fresh-water lake, the IJselmeer, a new large polder is to be
reclaimed. This polder, the so-called Markerwaard is situated close to the
province of North~Holland, which contains many polders with a precise
water control (Hannink & Talsma,1984). The new polder will cause changes
in the existing geo-~hydrological equilibrium. A new equilibrium is only
attained at the completion of the consolidation of the gemi-pervious top
layer. The following questions arise. How large is the final induced sub-
sidence in the environment? How fast is this attained? For this purpose a
semi~coupled aquitard-drainage model is developed applying the method of
the transient leakage factor taking into account the inhomogeneity due to
the presence of large glacial clay lences (Figure 5).

Two stages are to be considered: the undisturbed initial stage and the
transient stage. The initial stage represents the steady-state situation
before reclamation. A counstant leakage factor applies, +thus model I. The
transient stage concerns the time-variant situation due to lowering of the
water table inside the new polder, and model III or V applies. A boundary
lake is preserved between the new polder and the North-Holland border. An
axially symmetric segment is considered. The field equation describing the
initial stage is (Verruijt,1982):

(1/x)d(rdH/dr) /dr = (Hq-Hg)/A? (14)

where A is the leakage factor: XA =V KDC, C=4/K' is the aquitard resistance,
K' is the aquitard permeability and d the aquitard thickness. A is sectio-
nally constant. Applying the method of linking flow fields yields the fol-
lowing solution:

i

r <L  Hy(x) = Hyt (1-£1) (HprHp)Iolr/Anl /Io(L/ Am) (15a)

]

r>L Hy(x) = Hp+ £1 (Hp=Hp)Ko[x/Ap] /K [L/2p) (15b)

in which the factor f; embodies the inhomogeneity, according to:
£4= 1701+ (RD/A) (A/KD)y (K1 [L/Ap) /Ko [L/Ap]) (1o (L/And /11 [T/ 2g])) (18)

Thig factor is a smooth function tending to 0.5 for large values of L/XA .

lake Markerwaard I

boundary
lake | R
I

polder an

=
]

initial zero stat

£inal

124

7 7
H(x )]
isochrone lines {aquitard)

FIG. 5 The geometrical situation (elevation plane).
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The transient stage includes the consolidation of the top layer:
3%h/3z2 = 3{h~-0/Y)/c'dt; 0: total stress; h =Hp,z->0; h =dH,z->d (17)

Presume an intitial stage at rest for this problem. Laplace transform and
solution of the consolidation process under transformed transient boundary
conditions yields an expression for the flux at the interface:

do = K'Vs/c' coth(dv¥s/c') (H,-dH); s: transform coordinate (18)
2

The overbar denotes a Laplace transform. This flux represents the actual
leakage. It is not proportional to the aquifer potential: thus, a constant
leakance does not apply. The flow in the aqguifer has to be considered with
the actual leakage. The field equation is (Verruiijt,1982):

(1/x)2(rdHo/dr)/oxr = qo/KD + 3H2/cKDot (19)

The field is sectionally homogeneous with respect to the transmissibility
and the outer potential. The corresponding leakage at the interface is:

r <R do = K'Vs/c' coth{d¥s/c') (Hy-dH/s) (20a)
r >R ig = K'vs/c' coth(dvs/c') ﬁ; {(20b)

Substitution into the field equation yields a set of equations, which can
be solved by the linking flow field technigque. The last step is to obtain
the inverse transform. The gtandard solution is quite cumbersome, but the
type of problem permits to apply the method of the transient leakage fac-
tor. The final solution becomes:

adH( 1+ (£o=-1)Tolr/ Atn) /IolR/ Atnl) (21a)

r <R Ho(x,t)

I

r >R Holxr,t) adHfzKO[r/Atp]/Ko[R/Atp] (21b)

with the following expressions for the parameters:

a = dpcoth(d/V2clt) Fyp/V2cic ‘ (22a)
Fy = 1/(b;a? /2cit + (85/Y2clt) cotn(a/Y2cie)) (22b)
bi = c]K;D;/ciKid; (22¢)
Aeg= AYFy 1 Ap = YRyDiag/KY (229)

£5 =1/ (1+(KD/AL) L (A L/RD ) (Ry [R/A L] /K IR/ L)) (To [R/ Ayl /T4 [RAA D) (22e)

This solution presents the transient stage. A sudden drawdown has been
imposed in the new polder. 1In reality the reclamation will not proceed so
fast. The method allows to include other conditions. When the reclamation
takes place over a period At linearly in time the solution applies with
2tdH/ At (1~exp(-At/2t)) for dH .

The transient stage solution reveals similarity to the initial solution
but the leakage is a function of time and the actual geometry. Because the
processes involved are linear, the principle of superposition is valid and
both stages added provides the final solution, i.e. superposition of equa-
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tions (15) and (21) provides the complete description of geo-hydrological
effects due to the reclamation of the polder Markerwaard in Holland.

The resulting equations have been converted into a numeric computer code:
INPOLDER. The program has been used to study the environmental impact due
to the reclamation of the Markerwaard (Hannink,1984).

Verification of the applied method

The applied method has been evaluated using a verification with a fully-
coupled model, the SPONS code, simulating axi-gymmetrical linear-elastical
consolidation, which models the horizontal and vertical deformation, and
porous flow. The situation concerns a homogeneous leaky aquifer in a lake.
The boundary condition imposed is a sudden increase of the free watertable
within a circular area: r < R, similar to the transient stage problem for
Markerwaard polder. The induced piezometric head change in the aquifer is
compared with the results obtained using the semi-coupled model INPOLDER.

.2 4 .6 .8 1,0 1,2 1,4 1,6 1,8 2,0

e, year
plezometric Ny SPONS r=14000 —
ea . ~—
0,54 INPOLDERF™ =~
Piezometric head in aquifer
1.0 .
initial
INPOLDER
2. P
g;g:; [ . . == time in year
2.0 . 3
INPOLDER SPONS (1
1, r= 8000
initial 2 SPONS (2)
A —————— T
SPONS
Horizontal displacement
initial
SPONS (1) i
after aquifer deformation
e ST oy oo s
4.0 INPOLOER
4.5
r= 8000
—— Piezometric head in aquifer
distance r 5.0 time year

1670 24 28 kn 2 4 6 .8 1.0 1.2 1.4 1.6 1.8 2.0
Fig. 8 Model comparison: semi~coupled INPOLDER and fully-coupled SPONS
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Some results are presented in figure 8
and 9. The initial pore-pressures are
strongly affected by the adopted boun-
dary conditions: SPONS(1) friction-free
bottom, SPONS(2) fixed bottom.

This has an enormous effect on the ho-
rizontal displacements and piezometric
head, particularly in the area: r < R.
The results of SPONS and INPOLDER show
a fair agreement. The final subsidence
SPONS (2) including compaction and consolidation,
matches well for SPONS and INPOLDER.

total subsidence in cm

Conclusion
To simulate regional subsidence simple
models are very useful, if they include

I distance r km the essential phenomena: transient com-
4 8§ 12 16 20 24 28 paction/consolidation in a coupled way.
Horizontal deformations are to be simu-
FIG. 9 Final subsidence lated with advanced models.
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FORMATION COMPACTION ASSOCIATED WITH THERMAL COOLING IN GEOTHERMAL
RESERVOIRS

S. K. Garyg
S-CUBED
La Jolla, California, U.S.A.

Abstract

Concepts from the Theory of Interacting Continua are employed to develop
constitutive relations for thermoelastic fluid-saturated porous media;
these constitutive relations are shown to be equivalent to those of Biot
in tne isothermal limit. For uniaxial compaction, the constitutive
theory is simplified to give formation compaction as a function of
changes in fluid pressure and temperature. The formation compaction due
to thermal cooling is equal to 3hn [(1+v)/3(1-v)] aT.

Introduction

The isothermal consolidation theory has been traditionally used in
groundwater and petroleum engineering to analyze formation compaction
due to fluid withdrawal. Unlike groundwater and petroleum reservoirs,
however, geothermal reservoirs may undergo significant temperature
changes either due to cold-fluid injection or due to production-induced
flashing. In these instances, the isothermal theory is Tikely to be
inadequate for modeling formation compaction. In this paper, we employ
concepts from tne theory of interacting continua (TINC) to develop
constitutive relations for thermoelastic fluid-saturated earth media.
TINC has previously been used by several authors to treat both
infinitesimal (see e.g. Biot, 1956; Hsieh and Yew, 1973) and finite (see
e.y. Morland, 1972; Garg and Nur, 1973; Garg et al. 1975; Carroll, 1980)
deformations of rock aggregates. After outlining the basic TINC
definitions, we discuss the constitutive relations for both dry (pore
pressure = 0) and fluid-saturated porous media. Relationships between
porosity, confining pressure, pore pressure and temperature are given
next. This is followed by a discussion of the effective stress law for
stress-strain response. Finally, we consider uniaxial compaction of a
geologic medium due to changes in fluid pressure and temperature.

Mathematical Preliminaries

We denote by 1 = r and 1 = f the rock grain and the pore fluid,
respectively. The mass of constituent i Eer unit volume of rock-fluid
composite is called its partial density o' and the total mass per unit
volume of composite p is given by:

P = Z pi i = r‘,f (1)

The total stress g associated with a unit area of the composite can
similarly be decomposed into partial stresses g? associated with each
component 1.
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o = E o ioor,f (2)

1

Partial stresses ¢! and partial {bulk) densities pi are related
to "intrinsic stresses" ¢1® and "intrinsic densities" o'® through
the relations:

g'i - ni Eie (3a)

pi - n'i pie’ (3b)
where

"= 1- 4, (3c)

ot - g, (3d)

and ¢ is the porosity. In Eq. (3%, it is assumed that area and volume
fractions are the same for tne i'M constituent.

The stresses gj and gje.may be decomposed into hydrostatic (pi
and p'€) and deviatoric ($! and $1€) parts as follows:

g =-p L*S§ (4a)
g1e= - p1e 1 +‘\S'ie (4b)
p‘ - pie’ §? - ni §ie (4c)

Since tine fluid cannot sustain any shear stresses, it follows that
§f - ¢§fe = 0.

Partial volumetric strains (positive in tension) are defined as
e‘=<p;/p‘>_1 i=r,f ' (5a)

wihere the subscript 0 denotes the initial value of the subscripted
variable. Partial volumetric strain for the rock ¢ is often denoted
in the Titerature as the bulk volumetric strain. Partial deviatoric
strain el is given by:

L A (5b)
where
g s lvd ¢ (vuh P (5¢)

and ul denotes the displacepent field for the ith component.,
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Constitutive Relations

In the rock-fluid mixture, only the rock matrix can sustain shear
stresses, and the rock partial shear stresses and strains (S" and
") equal the composite shear stresses (S) and strains (g). In
this case, one can directly postulate a shear Taw for the entire
mixture. We shall assume that the shear response is governed by
Hooke's law:

S = 2 e 6
S Hp& (6)
where ., denotes the shear modulus of the porous rock. To relate
partial hydrostatic stresses p! to partial volumetric strain ¢!, it
is necessary to introduce intrinsic volumetric strains 1€,

'€ =0, 0% -1 =(n‘/no‘)(1+e‘) -1 i=r,f. (7)
A mixture model for hydrostatic stress is formulated by assuming that

the pressure law (p versus ¢ and T relationship) for each isolated

component (rock and fluid) may be used to relate pl®, ¢i€ and T.

Thus, if the pressure law for the ith component as a single continuum

is given by

p = f (eT) (8a)

then the pressure law for the ith component within the mixture is
expressed by

pl = n' f (5, TH (8b)
Constitutive relations can now be written for dry (pore pressure = 0)
and fluid-saturated porous rocks. We assume that the rock grain and the

fluid behave in a linear thermoelastic manner.

Dry Porous Rock: The relations for dry porous rock are as follows:

E="Pcl+§, (9a)
r

PC = p (gb)

pr=n’ p™ oo (1-8) Ko (34, T) (9c)

R %;gg 1+ -1 (9d)

Here K¢ (ng) denotes the bulk modulus (coefficient of linear
expansion) for the rock grain.

Saturated Wet Rock: The relations for saturated wet rock are as
follows:
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g=-P 1+5§ (10a)
P = p * p {10b)
wnere p" is given by (9c) - (9d) and pf is evaluated from:

L A

cfe ﬂ%_ (1+e) -1 (10d)

0

fe 3 ne T) (10¢)

Here K¢ (7¢) denotes the bulk modulus (coefficient of linear
expansion) for the fluid, and we have assumed that the rock grain and
the fluid are in local thermal equilibrium. Also note that pf is
related to the actual fluid pressure Pg through the relation:

of = g pfe - 4 Pe (10e)

The constitutive relations (7), (9) and (10) are compiete only when
porosity ¢ is prescribed. For a dry porous rock, porosity ¢ may be
expressed as a function of the confining pressure P; (or equivalently
e’) and temperature T. It is assumed here that the porosity ¢ is
independent of shear stresses. Experimental data at sufficiently high
shear stress levels indicate that both hydrostatic and shear stresses
depend on both volumetric and shear strains. The present model may be
extended to sucn cases by including the dependence of ¢ on shear
stresses (or strains). For tne present purposes it is not necessary to
entertain tnis more general case. For the saturated rock, porosity ¢ is
postulated to depend on both P, and Py (or equivalently on <" and
et} in addition to T.

Porosity - Pressure/Temperature Relationship for Dry Rock
We postulate that porosity @ is a lTinear function of confining pressure
Pe and temperature T.

g = ¢0 [1 + a Po * 8T] (11)

where o and g are as yet unspecified constants. We shall next express a
and 8 in terms of readily measurable rock properties. We assume that
tne bulk rock (i. e., porous rock) behaves in a linear thermoelastic
manner

Po= - K (¢ - 32T (12a)

where K (n) denotes the bulk modulus (coefficient of linear thermal
expansion) of the bulk rock.

3P 3P
C C
..K :(‘-—‘F) s 3 KT] =<ﬁ—> . (12b)
de T r

€
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Differentiating Eq. (11) witn respect to " and T and using Eq.
(12}, we have:

ag

<3J) - - 4, ak (13a)
:

I - 4 [3« Ky * 8] (13b)

T, = % o Rn 8

In subsequent analysis, we shall require (3e"€/3¢¥)71 and
(2e"/aT) r. Differentiating Eq. (9d) with respect to " and T,
ignoring terms of 0 (e), and using Eq. (13), we obtain:

2e"® 1 (14a)
(aer ) T ) 0 *

T 1 (14b)
(—-—'—é—T—’ er = - T—J; ¢0 (3(1KT] + B)

To determine o, we differentiate Eq (90) with respect to &',
ignore terms of OZs), and use Eq.

P, ‘ 8ok
;;'F T = - KS (1'¢o) [l + m;:l

Substituting for (aPc/3c")t from Eq. (12b) into the above
expression, it follows that

1-8
R {é— - K°] (15)

S

To obtain 8, we differentiate Eq. (9c) with respect to T, ignore
terms of 0(¢) and use Eq. (14b).

oP p
C 0
(‘ﬂ"‘) L Ks[‘l?ir (Jakn * 8]+ 3ng
€

0

Combining the above expression with Eqs. (12c) and (15), there follows

0

1- ﬁo
g =3 T" {n - ns) (16)

Substituting from Eqs. (15) and (16) into Eq. (11), we have for the
dry porous rock:
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8 = 8+ (UK - (1/8)/KI P, * 3(1-g)) (n=ng)T (17)

Porosity - Pressure/Temperature Relationship for Saturated Rock
Porosity @ for the fluid-saturated rock can be regaFded as a linear
function of P¢, Py and T (or alternatively of e, et and T), i.e.

$ =9, [1+A Pe *BPc* CcTl (18)

witere A, B and C a?e as yet unspecified constants. We shall presently
prove that
A=-8 (19)

Differentiating Eqs. (9d) and (10d) with respect to " and &f,
and ignoring terms of 0{e), gives:

re
de 1 29
=1 - 1 ° (20a)
( ae’ >af,T %o (ZBer >sf,T
< aere> . 1 ( 28 ) (20b)
ael ro I~ao asl ro
€ , €
fe
3e 1 Y]
LA, = (20c)
(aer lf,T —Z; ( ae” )ef,T
fe
2o 1o L (Ta” ) (20d)
(38 )Y‘ T(; e r
e ,T e ,T

We next differentiate Egqs. (9c) and(10c) with respect to " and ef,
ignore terms of O(e), and utilize Eqs. (20) to obtain:

r
ap" . - (14K [1 R 29-) ] (21a)
<agr>f o s _0 aSr f
g 51 € ’T
(_a_g;) I <QF) (21b)
de r s de r
€ 51 e 5T
f
i) ok (,a,ﬁ_) (21c)
r = f r
( 3e ef,T de sf,T
(3), <o [ (#),]
de r 0 ] o€ r
e T e T



We also have from Egs. (10b), (10c) and {21):

( apc ) ) <a[pr+pf])
r = r
de 3e
f T f T

1

r

(1-8,) K+ (Ks-Kf>(39—

e
£ , € ef,T
(22a)
aP r, f
c alp +p' ] 3
(-3—7) -( = - ¢ Kf + (KS—Kf) '-".f:_
€ r \  d¢ r € r
€ ,T e 1 e L1
(22b})
an 1 apf Kf af
- = F v = e it (22c)
de F o] e £ ¢0 o€ f
e 5T e ,T e T
Py 1 3 RN PR W Y (22d)
Nk = B -F = f -F
de r o] e r ¢0 e r
e ,T e ,T € 5T
Next, we snall obtain expressions for
32— and L \
s’ | £ 2l r
g ,T e ,T

Differentiating Eq. (18) with respect to ¢ and ef and combining
witn Eq. (22), we have

Y]
(_7> - -4, (1) AKX (23a)
e f
€ 51
(3’-5?) - -8, K [Ad, +BIX, (23b)
e P,T

where

X=1- ¢o A (Ks - Kf) * B Ke.
Garg and Nur [1973] showed that:

r f
2p - 2P (24)
( ;:? )er T ( aer )ef T

s L
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Eq. (19) follows upon substituting from Eqs. (21b), (21c) and (23)
into Egs. (24), Therefore,

g =g, [1+A (P, -Pg)+CT] (18")

To determine A and C, we note that when P¢ = 0, the porosity ¢
given by Eq. (18') should pe tne same as it is when the rock is dry
[Eq. (17)]. This yields

1-¢
1 1
A = e [ K- __K_Q ] (25a)
and
3(1—¢O)
C = ——;———— (n - ns) . (25b)

0
Thus for the saturated rock case, we have:

B =8y * [1/K, - (1-8)/K] (P, = Po) + 3(1-6) (n - n)T  (26)

Comparison of Eqs. (17) and (26) shows that the effective pressure for
porosity <Pasf>g is given by:

<P P. - P (27)

eff’g = f*

Effective Stress Law for Stress-Strain Response
Substituting for ¢ from £q. {26) into Eq. (9d) and ignoring terms of
0(e2), we have:

FeL L { [1/Kg - (1-8)/K1 (P, - P)
1-¢,

*3(1 -8, (n=-n)T } (28)
Combining Eqs. (10b), (10c), (9c) and (28), we obtain
K r .
P, - (1 s ) Pe = K [e - snr} (29)
s

Comparing Eqs. (12a) and (29) and utilizing Eq. {10a), we see that the
stress-strain response of the fluid-saturated rock is governed by the
effective stress <o>.:
<0>. = ¢ t (1-K/Kg) Pf
= - [Pc - (1-K/Kg) Pgl I *+ S
=K {ef -3T1 L +§ (30)
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The last result is identical with that previously derived by Biot and
Willis (1957) and by Garg and Nur (1973) for tne isothermal case.

In the isothermal 1limit, the present constitutive theory involves two
rock bulk moduli (drained bulk modulus K, intrinsic or unjacketed bulk
modulus, Kg), porous rock shear modulus Kps and fluid bulk modulus
Kg. These constitutive parameters are exactly the same as those used
py Biot and Willis (1957) to characterize the rock-fluid composite.

Uniaxial Compaction of a Geologic Medium Due to Fluid Withdrawal

Fluid withdrawal from geothermal reservoirs may be accompanied by drops
in both the fluid pressure and the fluid/rock temperature. It is
tnerefore necessary to account for both pressure and temperature changes
in sunsidence/compaction calculations. To illustrate the last remark,
let us consider the case of uniaxial compaction. For uniaxial strain
case, we have:

ro_
e’ = ey

" =23, . | (31)

Substituting from Egs. (31) into Eqs. (6) and (30), we obtain:

<°X>a = Gx + (l - K/KS) Pf
= (K + 4up/3) €y - 3KnT , (32)
A common assumption in subsidence analysis is
6X =0 ‘ (33)

Equation (33) implies that the mass of fluid withdrawn is small so
that the overburden remains essentially constant. Substituting from

Eq. (33) into Eq. (32), we get the following expression for uniaxial
strain ey:

ah/h = C_ P T (34)

X m f *C

Me
i

T

(]
B
i

(1-K/Ks)/ (K+4up/3), CT = 3uK/(K+4up/3)
and h is the formation thickness;

Tne first term in Eq. (34) is identical with that appearing in
the usual expressions employed to evaluate the compaction of
oil/groundwater reservoirs. Groundwater/oil systems are usually
treated as isothermal systems, and therefore thermal effects (e.g.
second term in Eq. (34)) have not been considered in previous
analyses. It is, however, apparent from Eq. (34) that for
geothermal systems (where temperature drop may be significant),
thermally induced compaction may be quite important. From Eq. (34),
the formation compaction due to thermal cooling is given by
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hghepmal = 3MnlK/(K+4up/3)]1 aT
3n[(1+v)/3(1-v)] AT

where v is the drained Poisson's gagio and AT is the temperature
drop. With v = 0.2, 3n =5 x 107%/°C, h = 1000m and AT = 40 C, we
nave Ahgpermmal ~ 1 m. A compaction of the order of one meter can

nave serious consequences for the integrity of reinjection wells,
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Abstract

The proposed dewatering of a gold mine will result in the lowering of the
water table over a large area underlain by dolomite. Statistical techniques
have been used to predict the probability of subsidence under certsain
surface structures, and the magnitude of subsidence has been related to
categories of damage for the different buildings.

Introduction

The gold mines of the Far West Rand, South Africa, extract ore from quartz-
ites at depths up to 3 000 metres below the ground surface. The gold-
bearing strata are overlain by chert and dolomite. Water from cavities and
fissures in the dolomite passes through tension faults into the mine
workings.

At a mine with which this paper is concerned (hereafter referred to as
Mine A), water pumped from the workings is returned to the groundwater, to
prevent a lowering of the water—table. Previous dewatering at other mines
has resulted in surface sinkholes and subsidence associated with a lowered
water—table. Unfortunately, the monthly volume of pumped water has
increased steadily from 2 million k1l in 1973 to 3,5 million k1 in 1983, and
appears to be growing by 25 000 k1 per month. The increase is caused by the
gradual clearing of channels by the inflow.

Two methods of avoiding the increasing cost of circulating the water are
being considered. The first is the creation of a grout barrier. The second
is the disposal of the water outside the groundwater compartment, resulting
in a lowering of the water—table and a consequent reduction of pumped
volumes. .

This paper describes the investigation of potential damage to surface
structures at a mine (hereafter referred to as Mine B) in the vicinity of
Mine A where dewatering will take place. The Mine B shaft is 3 km from
Mine A, and the water table in the shaft area would be affected by the
proposed dewatering.

Geology
The Chuniespoort Group dolomite and chert of the Wonderfontein Valley in the
Far West Rand overlie the gold-bearing strata of the Witwatersrand Super-
group. Outliers of Karoo Sediments occupy depressions in the dolomite. The
dolomite formation is divided into groundwater compartments by intrusive
dykes, and water spills from one compartment into the next through ‘'eyes'.
The mine to be dewatered (Mine A) and the mine surface structures with which
this paper is concerned (Mine B) are within the Gemsbokfontein Compartment
(Fig 1).

The dolomites are mnoted for their irregular weathering, and for the
surface subsidence and sinkholes precipitated by water movements.
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FIG. 1 Section and plan of groundwater compartments of Far West Rand
(Adapted from Enslin & Kriel, 1968)

At the Mine B shaft area, approximately 130 percussion boreholes were
drilled into bedrock prior to the sinking of the shaft and the construction
of surface structures. The surface structures and borehole positions are
shown in Fig 2. The structures were positioned after a gravity survey was
carried out. The survey indicated a zone of deep weathering in the south-
west of the site. The geological sequence is typically as follows;

0 - 8m Transported red sand and clay

8 m - 40

m Brown clay, residual from dolomite
40 m - 50 m Wad or wad with clay
50m - 53 m Slightly weathered dolomite

From 53 m Unweathered dolomite

The water table depth is 50 m below ground surface. Wad 1is a very
compressible product of the weathering and leaching of dolomite.

A typical geological section is shown in Fig 3. Cavities were noted in
many exploratory boreholes, but borehole cameras have indicated that,
generally, these apparent cavities contain interbedded layers of wad and
thin chert bands.

QFIG. 2 Plan of structures and
borehole positions

FIG., 3 Typical geological section
~
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Prediction of water table response to dewatering

The magnitude of potential subsidence will depend upon the extent of the
drop in the water-table, and the speed with which it occurs. However, when
the water-table had dropped below the zones of weathering and dolomitic
cavities, further water-table lowering will not cause subsidence.

To predict the water-table response at Mine B to dewatering at Mine A, it
was assumed that the western section of the Gemsbokfontein Compartment is
surrounded by impermeable barriers, with inflow from rainfall and artificial
recharge, and outflow from pumping at Mine B. The geohydrological compart-
ment is shown shaded in Fig 1. The dashed line represents a postulated
extension of a known dyke. This extension has been suggested by evidence
from remote sensing and groundwater levels (Fleisher, 1981).

Dewatering (ie, water discharged outside the compartment) was carried out
between 1977 and 1982. Therefore, using the known water volumes, it was
possible to compare a predicted draw-down to that actually measured at an
observation well 1,75 km from the Mine B shaft. A recharge value of 13% of
annual rainfall was used (Fleisher, 1981), and an average transmissivity of

2 000 kl/day/m was computed from results of pump tests in an adjacent
compartment.
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FIG. 4 Water table movement

The good agreement (Fig 4a) between predicted and actual values engenders
confidence in the use of the model to predict water table levels at Cooke 3
during the proposed dewatering. Water table movements were predicted for
conditions where various proportions of the pumped water are returned to the
groundwater compartment (Fig 4b). The Theis non-equilibrium solution was
used, and the effect of impermeable boundaries was dealt with by using the
method of images (Ferris et al, 1962).

The subsidence hazard
The mechanisms of doline and sinkhole formation as perceived by Jennings
(1966) & Brink (1979) are described pictorially in Fig 5. The effect of a
drop in the watertable is to accelerate sinkhole formation, when the water-
table is in a critical initial position relative to the potential sinkhole.
In the case of doline formation, settlement is caused by an increase in the
effective stress when the water~table drops through a compressible layer of
wad.

Clearly, the extent to which a change in water—table level causes subsid-
ence depends upon the position of the water-table relative to problem zones.
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Considerable experience has been accumulated of the subsidence caused by
dewatering in the Far West Rand. Dewatering of the West Driefontein Mine in
the Oberholzer Compartment, the Venterspost Mine in the Venterspost
Compartment, and the West Driefontein Mine in the Bank Compartment (the West
Driefontein Mine had penetrated the Bank Compartment through the Bank Dyke)
have resulted in extensive damage caused by sinkholes and dolines. The
following empirical guidelines have been developed;

« Sinkholes occur most frequently where the depth of the original water
table is less than 30 m. In areas where the depth of the original water-
table 1is between 30 and 60 m, relatively few sinkholes have occurred
(Kleywegt, 1980).

« Roux (198l) suggests that the ratio depth to wad/thickness of wad is an
indication of potential subsidence as follows;

Ratio 10 ne subsidence
4 to 10 safe if surface water controlled
1 to 4 high risk
1 very high risk

+» In the Far West Rand, about 10 to 15% of the area affected by the lower-
ing of the water-table has been affected by slow ground settlement

(Kleywegt, 1980)

. It has been found that an overburden cover of 15 m will usually be
sufficient to prevent the formation of sinkholes (Kleywegt, 1980).

From a knowledge of the geological and water conditions at Cooke 3, it
was concluded that there 1is a low probability of sinkhole formation
resulting from dewatering. A simplified model of subsidence resulting from
the compression of soft zones of wad was adopted for the prediction of
settlements at the ground surface.

The model of subsidence

It was considered that settlement will only occur 1if the effective vertical
stress in a layer of soft material increases because the water—table drops
through it. Further, it was conservatively assumed that the material above
the unweathered dolomite is compressible wad of a sufficient lateral extent
that the magnitude of surface subsidence will be equal to the reduction in
thickness of the wad layer.

If the water—table movement is slow, complete drainage will occur, but if
it is fast, 'hanging' water will increase the effective stress above its
final equilibrium value., The curves of Fig 6 were obtained using a compres-—
sion index of 1 for wad, derived from results reported by Brink (1979). The
upper curve, representing the case for a rapid lowering of the water table,
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was used in subsequent analyses. It is based on an assumption that the in-
crease in effective stress will be doubled by rapid drawdown.

Calculation of potential subsidence

Fig 7 shows a histogram of the depth below surface of unweathered dolomite
taken from borehole data. The data was analysed using the geostatistical
method of Universal Kriging (Matheron, 1971) in the computer program
GEOPAK 2 (Grady, 1983). Kriging allows one to take account of the fact that
a measured depth at one point must be related to that of another nearby
point, the dependence diminishing for points further apart. A
semi-variogram is used to define the relationship. One half of the variance
of the
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FIG, 7 Histogram of depth F1G. 8 Semi-variogram for
to unweathered depth of unweathered
bedrock bedrock

difference in the depth of unweathered dolomite for holes a certain distance
apart was plotted against that distance (Fig 8). The straight line drawn
through the points for boreholes up to 500 metres apart is a confirmation of
interdependence.
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FIG. 9 Contours of elevation, degree of certainty, and probability obtained
from geostatistical analysis

A contour plot of the depth of unweathered dolomite was produced (Fig 9)
together with an associated degree of certainty plot, which gave contours of
standard deviation. Block Kriging was used and the contours represent the
average elevation of blocks 25 m x 25 m. This block size was conservatively
chosen as the smallest area which would cause a surface settlement equal to
the change in thickness of a compressible layer at depth. For point A in
Fig 9, the estimated elevation of 1 555 mamsl has a standard deviation of
5 m. Two standard deviations imply a degree of certainty of 97%. Therefore
there is a 97% certainty that the upper surface of the unweathered dolomite
at point A will be within the range (1 555 - 10) to (1 555 + 10) mamsl.

SCALE LZ.-.—_MM”'

a) 25mm b} 100 mm ¢} 400 mm

FIG. 10 Contours of probability for different magnitudes of settlement

132


DOUDMITEnul.mil

From the degree of certainty and the estimated elevations, the computer
is able to produce contour plots of the probability that the unweathered
dolomite is below a chosen elevation. Thus, for a water table at
1 556 mamsl a probability plot for a dolomite elevation of 1 555 mamsl gives
the probability that lowering the water table will compress one metre of
supposed wad, causing 4 mm of surface settlement (Fig 9). A series of such
plots for different dolomite elevations (Figs 10(a), (b) and (c)) show
contours of the probability that the upper surface of unweathered rock is
2%, 5 and 10 m below the water table, equivalent to settlements of 25, 100
and 400 mm, respectively, allows the derivation of the relationship between

the probability of occurrence and predicted settlement for a chosen point or
structure (Fig 11),
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FIG. 11 Typical settlement/probability curve for individual building

Damage to structures

Table 1| was prepared for use as a measure of the effects of the predicted
subsidence at Mine B. It is a simple division, but it was considered that,
in this investigation, a more sophisticated set of damage criteria was
unjustified. It was devised after considering the recommendations of
various authors (eg Voight & Pariseau, 1970, Burland and Wroth, 1975).

RANGE OF TOTAL SETTLEMENT, mm
TYPE OF STRUCTURE
INSIGNIFICANT DAMAGE STRUCTURAL
DAMAGE | REQUIRING REPAIRS | DAMAGE

LOAD - BEARING BRICK 0-5 5 .25 >25
CONCRETE FRAME WITH

BRICK INFILL o -10 10 - 50 > 50
STEEL FRAME WITH

BRICK INFILL 0 -10 0 -78 >78
STEEL FRAME WITH
STEEL CLADDING 0 -20 0 -7 >75

TABLE 1 Categories of building damage

The settlement required for each of the categories of damage was obtained
for each surface structure, and their probability of occurence was obtained
from the statistical data (eg Fig 11). The final step was to define a
significant probability. In other words, at what calculated probability
does the risk of a particular category of damage become significant for a
particular structure.

The following significant probabilities were chosen, based upon a consi-
deration of the method of analysis and the importance of the structures:

133



STRUCTURES SIGNIFICANT PROBABILITY

Shaft structure,

Winder houses, 1,0%
fan and duct
Other structures 10,0%

The selection was naturally influenced by experience and by a comparison
of the type of qualitative hazard plan that would have been produced
manually. However, as the analytical techniques are improved by calibrating
them agalnst actual recorded movements, it should become feasible to select
significant probabilities from a more direct consideration of the economic
and social consequences of subsidence.

HOSTEL AREA
Bﬁ e

[ ] ow misk 2onE <19
7] MODERATE RISK ZONE 1-10% 9 wo 200
EE HGH Risk ZONE 0%

FIG. 12 Hazard plan based on Fig. 9(c)

The zoning of Fig 12 is based upon the 10% criterion for structures other
than the shaft structures. It is intended as a visual indication only, but
it is of interest to examine briefly how it differs from a conventional
hazard plan. The conventional plan is derived from the available data,
whereas the probabilistic analysis also takes account of a lack of data. 1In
an area with sparse data, the degree of certainty is low, and the statistic-
al probability of subsidence is therefore increased (eg compare the three
plots in Fig 9).

The conclusions about potential subsidence were as follows:
+ There is a low risk of sinkhole formation caused by a lowering of the
water~table, but a significant risk of surface subsidence
« The risk of damage to essential shaft structures is low
. Several hostel buildings have a high risk of damage
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. There 1is a low risk of damage to other individual structures but a high
risk of damage to a small proportion of the group of structures

. Subsidence is likely in the recreation area to the south-west

+ Surface subsidence may be reduced by ensuring that the water-table is
lowered slowly over the first four years of dewatering

. Surface and sub-surface movement should be monitored using surface pegs
and telescopic benchmarks.

. Additional exploratory holes should be drilled in critical areas where
information is sparse

Discussion

The following procedure for the prediction of subsidence caused by a

lowering water—table in dolomite has been described:-

(a) Derivation of simple subsidence model.

(b) Statistical prediction of subsidence and probability of occurence.

(c) Definition of critical settlement for different categories of damage
and different types of structure.

(d) Definition of significant or critical probability of subsidence.

(e) Prediction of probability of different categories of damage for
individual structures

A logical last step might have been the calculation of the costs of
maintenance and repair, to be used when comparing the two alternative
solutions of a water barrier or dewatering being considered by the Mine B.

The method is a novel approach to the prediction of potential subsidence
on dolomites. The analyses involved simplifying assumptions, but these were
conservative and based wupon past experience. It has commonly been
considered that dolomitic subsidence is so arbitrary that a prediction more
sophisticated than a qualitative hazard plan is unjustified. However, the
probabilistic method described here provides a numerical prediction which is
not in conflict with a qualitative assessment and is a more convenient
planning tool.

The depth of the water-table of 50 m, implying a low probability of
sinkhole formation, allowed the adoption of a simple settlement model, but
if required, more complex models, to cope with the mechanism of sinkhole
formation, could be incorporated.

Conclusions

The statistical and probabilistic approach to the prediction of dolomitic
subsidence provides a numerical solution which is more amenable to an
objective assessment than 1s a qualitative hazard plan. The flaws in the
investigation described in this paper result from simplifying assumptions
but, as experience is gained from the comparison of actual movements to
numerical predictions, it should be possible to design more accurate models
of dolomitic subsidence.

The method is, potentially, a tool for use in calculating the cost of
subsidence, in the locating of areas requiring additional investigations,
and in designing monitoring systems.

At this stage, the technique described is more useful for the assessment
of potential subsidence over an area, rather than at a specific structure.
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A COMPARISON OF EMPIRICAL AND DETERMINISTIC PREDICTION OF MINING SUBSIDENCE

Adam Chrzanowski and Anna Szostak Chrzanowski
Department of Surveying Engineering,University of New Brunswick
Fredericton,N.B. ,Canada

Abstract

A1l theories for predicting ground subsidence in mining areas are based ei-
ther on empirical (statistical) models obtained through fitting of selected
displacement functions into observed deformations or on deterministic model-
ling of the load-deformation relationship.The authors have been involved in
a study of surface subsidence produced by extraction of a steeply inclined
coal seam in difficult geological and topographical conditions of the Cana-—
dian Rocky Mountains.Actual displacements obtained from geodetic surveys and
from telemetric tilt measurements have been compared with the predicted va-
lues obtained from empirical modelling using Budryk—Knothe's theory and from
a deterministic model using the finite element method.The FEM approach,des-
pite uncertainties in the geological input data,indicates obvious advantages
oyer the empirical model.

Introduction
Since 1975 the Department of Surveying Engineering at the University of New
Brunswick has been involved in deformation studies in geotechnical ,mining
and geophysical projects.The research programme has been concentrated on:
- development of new technologies for monitoring surveys,
~ development of a generalized approach to the geometrical analysis of
deformation surveys, and
~ deyelopment of a methodology for predicting ground subsidence in diver=—
sified geological and topographical conditions of coal mining in Wes-
tern Canada.

The research on the new technologies has led to a development of a tele-
metric system for a year-round and fully automatic monitoring of ground
subsidence.The system was developed at a request of the Canada Centre for
Mineral and Energy Technology to monitor mining subsidence in the difficult
topographic and climate conditions of the Canadian Rocky Mountains (Fisekel
and Chrzanowski,1981).The field stations of the telemetry system are batte-
ry operated and they have been designed to function in temperatures of
-25°C without recharging the batteries for 9 months.The field stations are
radio linked with a conveniently located master station which can be compu-
ter controlled from any point across the continent . Results of a three years'
field test are given in (Chrzanowski et al.,1983a).

The research in the geometrical analysis of deformation surveys has led
to a development of a generalized approach in which any number of observa-
tion epochs and any type of observables (geodetic and geotechnical measure-
ments) can be analysed simultanously to derive deformation parameters for-—
any type of deformations (including non-linear models with discontinuities),
The approach is based on the least squares fitting of a selected deformation
model into the survey data.The selection of the deformation model is based
on a trend analysis,statistical testing of the model,and statistical signi-
ficance of the calculated deformation parameters.Full details of the genera-
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lized approach are given in (Chen,1983) and an example of its application
is in (Chrzanowski et al.,1983b).

The research in the prediction of mining gubsidence started only three
vears ago .Preliminary results are summarized in this paper.

General strategy in the analysis of deformations

The following two aspects of deformations should be distinguished in the de-

sign and analysis of deformation surweys:

1) geometrical,if we are interested only in geometrical status of the
deformable body,the change of its shape and dimensionms,

2) physical,if we want to determine the state of internal stresses in the
body and,generally,the load-deformation relationship.

In the first case,information on the acting forces and stresses and on physi-

cal properties of the body are of no interest to the interpreter or are not

available.As a final result of the geometrical analysis of deformation sur-

veys usually only relative displacements of discrete points are given with

their variance-covariance matrix.The geometrical analysis is of a particular

importance when the deformable structure is supposed to satisfy certain geo-

metrical conditions such as verticality or alignment of some of its compo-

nents.In that case,the results of the deformation surveys are directly uti-

lized in adjustment of the geometrical status.

In a more refined geometrical analysis when an overall picture of the geo-
metrical status is required the displacement field for the entire body is
approximated through the least squares fitting of a selected deformation mo-—
del into the observed displacements using,for instance,the aforementioned
generalized approach.

In the case of the physical analysis of deformations,the load—-deforma-
tion relationship may be modelled by using either an empirical (statistical)
method through a correlation of observed deformations with the observed loads
or a deterministic method which utilizes information on the loads,proper—
ties of the material,and physical laws governing stress—strain relation-
ship.The empirical method is of an a-posteriori nature because it utilizes
the past data through a regressive analysis in establishing a prediction mo-
del of deformations as a function of loads.A discussion on empirical modelling
and its statistical testing has been given in another paper {Chen and Chrza-
nowski,1982).The deterministic method is of an a~priori (design) nature.It
is usually based on approximate solutions using numerical analyses among
which the finite element method has become a very powerful tool.Both me—
thods ,the empirical and deterministic complement each other.The determini-
stic model of the load-deformation relationship can be "calibrated" (enhan-
ced) through a comparison with the empirical model.On the other hand,the de-
sign of the deformation surveys,which are used later on in empirical mode-
1ling should be designed on a basis of the deterministic model so that the
location of survey points and type of instruments used would give the best
possible information on the type and location of the maximum deformations.

Due to many uncertainties in the deterministic modelling of deformations
the theoretically calculated displacements 4. or any other deformation
quantities) will generally depart from the ogserved values d .The discre-
pancies may be due to the approximations of the deterministié method or due
to:

-imperfect knowledge of the material properties,for example,errors in

the elasticity constants,

6d’
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FIG.1. Flowchart of operations involved in the strata control and
in the prediction of mining subsidence.

~wrong modelling of the behavior (elastic instead of plastic or creep

neglected,etc.) of the material;

-measuring errors of the empirical method;

-measuring errors in sampling and incomplete sampling of loading effects.
The investigation of the discrepancies is useful in gaining a better know-
ledge of the behavior of the deformable body.Statistical tests on the dis-
crepancies may help in finding their nature and source.Ilf the discrepancies
are tested to be of a systematic nature then the deterministic and empiri-
cal methods are combined for the interpretation of the deformation measure-
ments.One way of doing this is to assume that the systematic discrepancies
are caused,for example,only by the improperly chosen material parameters,
say E andv .In this case,new "calibrated" values of the parameters are es-
timated by applying the least squares criterion:

min {(QD - do)Tc_l(gD— do)} (1)
E,v
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vhere C is a variance-covariance matrix of the differences (4. - 4 ).
This method of the calibration of the constants of the deterministic model
may lead to physically unacceptable values of the calibrated guantities if
the real reason for the discrepancies is of a different nature.In such a
case one has to try another approach.

Figure 1 (Chrzanowski and Hart,1983) summarizes the interaction between
the empirical and deterministic modelling for a purpose of controlling the
strata movement in mining areas and for predicting the mining subsidence.

Description of the study area

The mining area under investigation is a coal mining operation in the Ro-
cky Mountains in southern British Columbia.A 12 m thick coal seam,dipping
at an average angle of 350,15 being extracted in panels of about T00x200m
using a hydraulic method of extraction with roof caving (Fisekci et al.,
1981).Figure 2 shows a planimetric map of one of the panels which has been
used for the preliminary study of the mining subsidence in the area.Fi-
gure 3 shows a vertical crossection of the topography and the coal seam.

The extraction of the panel took place between July 1980 and August 1981.
The mining company provided periodical monitoring surveys of the surface
movements from the beginning of the extraction until the summer of 1983 when
the ground subsidence became negligibly small.Figure 2 shows locations of
the survey stations which were positioned with the electronic tacheometer
AGA-T00 from reference stations located below the outcrop of the coal seam.
The results of the subsidence surveys for the total period 1980-1983 are
summarized below.

Station No: Ax (m) ANy (m) Nz (m)
1 -0.87 -0.10 ~-0.89
2 -0.95 -0.17 -0.91
L -1.37 -0.4h7 -1.31
5 -1.h1 -0.38 -1.73
Al -1.k2 -0.19 -1.60
A2 -1.61 -0.h2 -1.77
A3 -1.66 -0.45 -1.95
AL ~-1. 4k -0.69 -1.55
A5 -0.77 ~0.80 -0.38
Bl ~-1.51 -0.51 ~-1.76
Bh -1.96 -0.67 -2.18
TO -1.23 -0.15 -1.08
T1 -1.12 -0.05 -0.81
T2 -1.76 -0.46 -1.57
T3 -1.72 -0.46 -1.k2
Th ~1.07 -0.25 -0.99

Due to difficult winter conditions {(up to Sm of snow) the geodetic surveys
were limited to the short summer season.In order to provide the time related
subsidence information,the aforementioned telemetry system for continuous
monitoring of ground movements has been developed and tested in the area
using bi-axial tiltmeters (Chrzanowski et al.,1983) as the sensors.Locations
of the tiltmeter stations are shown in figure 2.Total tilt components over
the period of 1980-1983 are listed below.Stations TO and T2 are not listed
because their operation was disrupted by wild animals.
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FIG.2. Map of the extracted panel and locations of geodetic and
telemetric monitoring stations.

Station No: Tilt in -x Tilt in +y
direction (mm/m) direction (mm/m)
T1 -9.h -2.3
T3 -12.8 +6.8
T - 8.8 -5.1

Aerial photogrammetry has also been utilized in the area as a part of the
research programme (Falg and Armenakis,1982).However,the results have not
yet been included in the comparison of the monitoring surveys with the empi-

rical and deterministic models of the deformation.
The extraction of the panel,besides the listed displacements of the sur-

vey points,produced surface cavings above the upper edge of the panel and
long south-north cracks near the mountain ridge.Due to a very limited kno-

wledge on the geology and tectonics of the area the cracks could not be
readily explained.The geological fault (Fig.2) which was approximately map-
ped at the level of the mining workings,could be a possible explanation.
However ,the geometry of the fault,its dip angle,and depth have not been iden-
tified.Therefore,a comparison of the actual subsidence with the predicted va-
lues for those uncommon topographical and mining conditions has been of a
great interest.

Empirical model of the subsidence

Most of the existing empirical methods have been developed in Central Europe
where a vast amount of survey data is available.A good review of the empiri-
cal methods is given by Kratzsch (1983).In North America,in general,monito-
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FIG.3. Vertical crossection of the study area and predicted subsidence
profiles using the Budryk-Knothe's theory.

ring of mining subsidence is still at a pioneering stage and the observation
data is insufficient for developing own empirical models for individual min-
ing districts.Therefore,the authors adapted one of the European prediction
methods to the study area.

Most of the empirical theories dealing with the prediction of the mining
subsidence are based on empirical functions of influence derived from a large
number of monitoring surveys .The functions describe a relationship between
certain empirical parameters and the expected subsidence at selected points.
Examples of frequently used parameters are:limiting angle f of influence(an-
gle from the horizontal at the edge of the extracted area to a point on the
surface where the subsidence is negligibly small),critical radius r of the
extracted area which produces the maximum subsidence,bulking coefficient of
the caved-in rocks in the extracted area,etc.

The well known Budryk-Knothe's theory (Budryk and Knothe,1953 and Knothe,
1953) is one of the easiest to apply in practice and,therefore,it has been
selected by the authors to predict the subsidence in the study area.The theo-
ry was developed for the coal mining district in Upper Silesia in Poland.

The theory is based on the influence function,which for an extracted aresa
A in an x,y coordinate system gives the subsidence W at a point (x,y) on
the surface in the form:

W)=/ ) jf exp [ 63+ y2)r°] a, (2)
A
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where W = a.g for the extraction area equal to or larger than the critical
area where g is the thickness of the extracted mineral and 'a' is the empiri
cal bulking coefficient which for the extraction with the roof caving is ta-
ken between 0.75 to 0.90.The critical radius r = H.cot p where H is depth of
the extraction,and ® is the empirical limiting angle to a point at which the
final subsidence may reach 1.22% of W if the extracted area A is equal to
or larger than the critical area. max

For the Polish coal district the angle  may vary from 350 to over 60°.
Since no information on the angle @ in the study area was available,the au-
thors performed their analysis for two values: P = L0~ and = 60" .The B-K
theory applies to horizontal or slightly inc}ined (up to ESO) coal seams
In the case of the steeply inclined deposit in the study area the method had
to be modified by the authors by shifting all the subsidence parameters (po-
ints of W ,limiting angles,points of maximum strain,etc.)by an empirical
value of 8?§Cﬂ (Kratzsch,1983) ,where ot is the dip angle.The Budryk-Knothe's
theory has been applied in a graphical mode (a circle of radius r drawn on
tracing paper at the scale of the mining mep and divided into segments of
equal influence) as explained in (Chrzanowski et al.,1980).
Figure 3 summarizes the results of the analysis in the study area for the
two alternative limiting angles 3. = hOO and (3= 6OO,average depth H=200 m
dip angle o = 350, g=12 m, and a = 0.75.The results predict that the maxi-
mum subsidence could reach the value of 3.15 m and 7.50 m for{3 and [»
respectively.The subsidence influence could reach the surface fak beyond the
ridge of the mountain where,unfortunately,no monitoring surveys were conduc-
ted in order to confirm the value of the limitingangle.

Maximum values of other deformation parameters were determined from the
following relationships (for (51 and (32 respectivel@:

maximum tilt: T =W  /Heot3= 13 mm/m and 65 mm/m,

maximum Strain:%?xa 8%, 6Tm; = 7.8 mm/m and 39 mm/m,
maximum horizontal éisplacemen%s: U =0.4bw = 1.26 m and 3.00 m.

max .
The values of W and T for ﬁ)=hoomgéree very well with. the observed

quantities when considerl%é that the Budryk-Knothe's theory has been applied
in its crudest form.Also the location of the surface fractures on the ridge

agree quite well with the zone of & .However,in order to apply the theor
for predicting the influence of the ?%%ure extraction of neighbouringpanels

one should determine the actual value of the limiting angle for the area and
the coefficient a.One should note that the suspected fault has not been con-
sidered in the empirical prediction.Therefore,the above agreement may be ac—

cidental.

Deterministic model of the subsidence

The finite element method has been applied in the deterministic modelling of
the subsidence.Computer programmes for 2-D and 3-D finite element analyses
have been developed by the co—author (Szostak—Chrzanowski,unpublished) for
the purpose of the study.The 2-D analysis utilizes quadrilateral elements
with a six point integration technique in order to increase the accuracy of
the FEM solution.

Due to very limited and uncertain geological information in the study
area,only a 2-D analysis in the simplest possible form was applied to the
crossection C—C.According to the available data,the strata above the extrac-—
ted panel consists of a medium strong sandstone and shale formation with
the aforementioned suspected fault,Figures L and 5 show the mesh of the ele-
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FIG.h. A comparison of observed and FEM displacements after introducing
the 'no tension' elements (marked +) above the extracted area,.

ments and the boundary conditions.The weight of the rocks has been introduced
as body forces in each elemnt.The simplest approach based on the "gravity
turn-on" (Kulhavy,1974) and "no tension elements" methods has been applied
in the preliminary analys .s in which the displacements,strains and stresses
caused by the mining operation were calculated iteratively as differences
between the initial (no excavation,homogenous and elastic material) and con—
secutive solutions.Initially,the values of the module of elasticity gnd tBe
Poisson ratic were accpeted to be the same for all elements: E =10 kN/?

and v = 0.3 with the specific weight of the strata material F = 27 kN/m”.,
Later on,the value of E for those elements which have shogn lagge extensional
changes in the principal stresses was decreased to E = 10 kN/m".

Figure 4 shows sample displacements of nodal points after a third itera-
tion and the observed displacements of the few survey stations.The disagree-
ment is very large.Also the calculated strains (about 0.1 mm/m)near the ridge
of the mountain could not encounter for the fractures of the surface.There-
fore,in the next solution the suspected fault has been introduced into the
model gy degreasing the module of elasticity in the marked elements to
E = 107kN/m".This solution gives a good agreement with the observed displace-
ments.Perhaps,even a better agreement could be reached by enhancing the FEM
model (changing the mesh of the elements near the surface and in the fault
zone,changing E and v values) and using a more sophisticated approach,for
example ,the "stress transfer" method (Zienkiewicz et al.,1968) or some new—
er methods.However,any further enhancement of the model would be justified
only in the case when more geological information would become available,
because the FEM solution is only as good as good is the input data.
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Conclusions

Both,the empirical and deterministic models of the subsidence in the study
area,gave reasonably good agreements with the observed data.In both cases,
in order to obtain the agreement,certain assumptions had to be made. In the
FEM model the best solution was obtained when the unconfirmed fault was in-
troduced to the model.In the empirical approach,the value of the limiting
angle had to be assumed and the agreement was obtained without the fault
line which,apparently,would tremendously complicate the application of the
Budryk-Knothe's theory.Both,the existence of the fault and the value of the
limiting angle must be confirmed before any final conclusions on the compa-
rison of two approaches could be made.However,if a need would arise to pre-
dict the future subsidence in the study area due to to the extraction of
neighbouring panels,the authors would feel much more confident by using the
FEM approach,even with the present geological uncertainties,rather than
using the empirical model adapted from another mining region with the un-—
confirmed parameters.The detrministic method,besides that it gives much

more information on the behavior of the whole deformable object than the em—
pirical method,can be applied in any situation and in any conditions as long
as the conditions are,at least,approximately known.The empirical methods can
be applied only in the very similar conditions in which the empirical para-
meters have been determined.
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MECHANICS AND ONE-DIMENSIONAL SIMULATION OF LAND SUBSIDENCE
DURING THE PERIOD OF HEAD RECOVERY IN AQUIFERS

Shoji Yoshida and Shigeru Aoki
Niigata University
Niigata, Japan

Abstract

During the period of hydraulic head recovery within the confin-
ed aquifers of the multi-layered aquifer-aquitard system due to
the control works against groundwater withdrawals in the Niigata
plain in Japan, land subsidence and delayed uplift of the ground
surface have been observed since about 1965. A discussion of
mechanism of such phenomena is presented by considering the be-
haviour of groundwater flow within an aquitard. One-dimensional
compaction and expansion of such system was simulated at two
different sites. Each of the systems consisted of three wells,
The observed data of transient aquifer-heads were used as known
quantities in the calculations. Different storage coefficients
for compaction and expansion and hydraulic conductivities for
the aquitards are determined by trial-and-error. A set of
different values of the ground parameters are taken in each of
the three different depth levels. Simulation results agree with
the observed data with reasonable accuracy over a decade.

Introduction

Since about 1835, land subsidence in the Niigata plain has been
caused by extensive groundwater withdrawals from the confined
aquifers with natural gas dissolved in water. According to the
several controls against groundwater withdrawals since 1959,
the hydraulic heads in aquifers have been increasing. In par-
ticular, since the control with water injection into gas reser-
voirs in 1973, the considerable head rise in the observation

wells could be observed. However, in spite of these head in-
creases in the aquifers, subsequent compaction and delayed ex-
pansion of the system was observed. See FIG. 1 and 2.

Mechanism (Yoshida, 1982)

For simplisity of explanation, we consider a simple system with
a single aquitard sandwiched in between aquifers (FIG. 3).

The hydraulic head h can be defined by

h=p,/w, -2

where p 1is the pore water pressure, ¥, the unit weight of water
and z the vertical coordinate taken to be positive downward.
The consolidation process of an aquitard (the clay layer) is
usually governed by the following basic equation:

2h 2 , ®h 2h 2 Zh
- az(k Ez)

Ty o0 = 5, 832) °F S5 5t Y
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where m, is the coefficient of volume compressibility, k the

Ss the specific storage coefficient

(Sg = Jwm,), and t the time.
When k is assumed to be constant for an approximation,

hydraulic conductivity,

Eq. (1) reduces to

&

dh _
2t ~ v ?2* or

where ¢ (= k/( o, My )

tion.

2h
st

= k

2z

(2)

k/Sg ) is the coefficient of consolida-
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FIG.2 Transient cumalative compaction of each of
depth intervals due to observation wells,

In using Eq. (2), the value of m,
different for compaction and for expansion of an aquitard as in
Helm (1972): namely, comparing the value

a manner described by

of h at any z with h .

at the same point z),

S

S

or S5 1is adopted to be

(= the minimum value of h in the past
is used as follows:

or m,,
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S =y.m for h= h .
ﬁ SV w vy - min

Sg = (3)
SSe = (wmvefor h > hmin
Similarily,
c for h £ h_,
vy = “min
Coe for h > hmin

For simplisity in FIG. 3, it is supposed that after the heads
in the aquifers decreased to the lowest level (B-B) from the
static or equilibrium state (A-A) due to groundwater withdrawals,
these heads are continuously rising to be (C-C) due to restriction
against groundwater withdrawals., Under these conditions, the
head within the aquitard may change from (A-A) to dotted curve(
B-B'-B) and then to solid curve (C-C'-C). The system compaction
as a whole may occur by mechanics as follows.

As the heads in the aqui-
fers increase with time,
the heads in the two out- [
side layers within the 8 ¢
aquitard (FIG. 3) increase | oauiler nrt
almost simultaneously be- Tl expansion |layer
cause C ye c, for the - rouaaimntet ma
coefficieﬂis of consoli- Trrr_
dation and because these
outside layers are thin
(but increase in thick- - [internal_boundary
ness with time). Pt

These outside layers Jo—
within the aquitard show
expansion and the layer
in between the outside
layers shows compaction
simultaneously. The aqui-
tard as a whole performs
expansion until a certain
period. The cause of this
deformation behaviour of
aquitard can be explained
as follows:

(1) The water flux q,, out of the medial layer into the out-
side layer through a transient internal boundary within the
aquitard is higher than the water flux qout from the outside
layer into the adjacent aquifer through the aquifer-aquitard
interface: (gq;, > Qeut ). This relation gq;, 5 qout is reasonable
related to the measurements of the gradients of hydraulic head
both at the internal boundary and at the aquifer-aquitard inter-
face respectively. Hence, the outside layers continue to ex-
pand due to the net flux q;, - Qout (>o0)

(2) On the other hand, the medial layer within the aquitard con-
tinues to compact because the descending residual head within

compaction %in

layer

aquitard
I

expansion flayer

aquiter
A
1
1

F1G.3 Schematic diagram showing
transient head within an aquitard
due to head change within aquifers,
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the medial layer is still higher than the ascending heads in the
outside layers and so the water flux from the medial layer into
the outside layers is subsequent.

(3) The aquitard shows compaction as a whole corresponding to
the quantity of water (qQuut ) squeezed from the aquitard into the
adjacent aquifer. This is independent of the water flux g4,
within the aquitard.

(4) As a result of both the subsequent rising head in the aqui-
fers and the increase in thickness of the outside layers, the
water flow from the aquifer into the aquitard occurs due to the
converse gradient of the hydraulic head at the aquifer-aquitard
interface. Therefore, the aquitard begins to expand as a whole
according to a net gain in water flux from the adjacent aqui-
fers into the aquitard,.

The above mentioned is the reason for the occurence of the
subsequent compaction and the delayed expansion of the aquitard
over the period of the transient head recovery in the aquifers.
The mechanism mentioned is not contradictory to applying Ssv or
Sse for compaction of expansion respectively and in additioncan
explain that the same phenomenon occurs to a less degree even
when Sgy = Sse .

Next, computed examples for the same simple system as shown
in FIG. 3 are presented. According to FIG. 5 the hydrauiic
head of aquifers is assumed to decrease by 5 m for 1800 days
(at the rate of nearly 1.0 m/yr)and then to increase at the same
rate,as shown with dot-dashed line. On this condition, trans-
ient hydraulic head distribution within the aquitard of depth
intervals of 10 m is calculated by Eq. (2) (FIG. 4) and cumala-
tive settlement (compaction) is obtained by the water flux from
the aquitard to the aquifers (FIG. 5).

{a) head {m! {b) head {m) {c) head {m}
[ ? 3 4 $ i} 2 3 4 Py H 2 3 4 3
: \., o]ynoi\z\no 1700 150 2 \Q‘” %o z ~1800 hiso |
E i+ ) - 3800 mi -/.\j E i s
<
ir N 2k i+
~ 3600
s N s 1600 sk 8
\ \ k
T gy x1x10 Y ¥ s e1x10 \ T seentxios \\
; se tm-1 \‘ se” tm-Y \ se (m~1) i

FIG:4 Transient head distribution within an aquitard
due to head changes within aquifers

In these computation® the adopted values from k and Sgy are
0.5 x 10°% cm/sec = 1.58 x 10™® m/yr and 1 x 10 m~' respec-—
tively and the values for Sge and hence for Sge/Sgy are
1 x 1072 m~tand_1 for case (a), L x 10™%m-tand 1/10 for case
(b) and 1 x 10" m~ and 1/100 for case (c) respectively., FIG. 5
demonstrates that the smaller the ratio Sge /Sgv is the more de-
layed expansion occurs and the less expansion amounts.

In FIG. 4 case (a), Sse /S¢ey= 1, the distribution of h within
the aquitard becomes concave near the aquifer-aquitard inter-
face. This state reaches at a comparatively early period (after
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2700 days) and the aquitard already shows expansion as a whole
at the same time. As Sge/Ss is, however, smaller as in case
(b) and case (c), hydraulic head or pore water pressure in the
outside expansion layer within the

aquitard rapidly follows the head 3 O K
rise in the aquifers (FIG. 4 (b) o4 \_ /

and (c)). This is enabled because éqm \ /

cve= k/Sseis tav€er than c,, = 2424 '\ , /

k/S¢y and because the thickness ﬁw- '\ ! /'

of the outside expansion layer SH 20 \ 7

is much smaller than H at the early ' \b' [
stage and consequently because 24 200 | 1000 | 1800 | gm’akgl
Sge( SH)* /k&Sg, (H/2)*/k in their fdays/
time constants (where H is the FIG.5 Transient cumalative
thickness of the aquitard and §H settlement of aquitard (solid
increases from zero with time). lines) due to head change
Namely, when cy,e= k/Sge is farger, within aquifers (dot-dashed
in an outside layer a concave lTine).

distribution of h does not occur

easily and consequently compaction continues some time after
the beginning of head rise in the aquifers and so expansion is
delayed. Let us suppose the rate of head rise in aquifers as

v = dh/dt. This delayed time is considered to depend on a para-
meter c,e/V.

Simulation (Yoshida, 1983)

The geological models at two sites (Ohgata 520 meters and
Yamanoshita 1200 meters) in the Niigata plain were determined
as shown in FIG., 6 (a) and (b) respectively, referring to boring
data.

In order to calculate the initial distributions of residual
excess pore water pressure head within the aquifers in 1968 for
Ohgata and in 1966 for Yamanoshita, in each aquifer with an ob-
served well the history of transient head from 1949 to the ini-
tial time are assumed to be approximately as in FIG. 7. This
refers to other field data. The heads in all aquifers above
aquifer (I) with the shortest observed well (FIG. 8) is assumed
to be equal to the values of head of the aquifer (I). The heads
in the aquifers both between aquifer (I) and aquifer (II) with
the second longer observed well and between aquifer (II) and
aquifer (III) with the longest observed well are assumed to be
linear to depth through the values of head of these aquifers
(I), (II) and (III). A set of estimated values for k, Sz, (or
m,,) and Sge (or mve) of aquitards are by trial-and-error de-
termined to take different values in each of three depth levels
at each site (Table 1), so that computed compactions fit closely
with the observed compactions.

For an example of calculated results, the initial distri-
bution of residual excess pore water pressure in 1968 and the
distribution of head in 1974 for Ohgata are demonstrated in
FIG. 9. This figure shows that excess pore water pressure with-
in aquitards diffuses relatively rapidly outward (like Cg4 in
FIG. 9), whereas excess pore water pressure remains almost
constant in the case of wide aquitard intervals (like C,, Cj3
and C¢ in FIG. 9).
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Table 1 Values of ground parameters for aquitards in each
of three depth intervals.

§ite Depth {m) k {cm/sec)] Ssy (m7) [Sge (m™")
Ohogata ] 0 ~350)]3.0x10"% [6.0x%x 10°46.0x%x107°
i ( 50~440)]6.0x%x 1077 1.3 %103 1.3x 1078
1l (L»o~szo) 9.0 1070 | 1.8x 104 1.8 x10°°
Yamanoshitall (" 0~260){3.0x10"¢% {5.2x1035.2x10"5
It (260~490)|2.0x10°8 [2.2x% 103 1.1x10%
P1t (490~1200) (1.0 x107% {5.0x 103 7.0x10°5
) head /m/
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FIG.8 Depth of obser- , . i
vation wells and ] ] | GS
three depth intervals 1968 1974
distinguished by the .
observation wells. FlG.9 Distributions of residual excess
pore water pressure head calculated
for Ohgata,

Before the complete recovery of the head within the aquifer,
land subsidence continues because the residual pore water
pressure within the aquitards, especially the thick ones, remains

higher than the ascending head within the adjacent aquifers. It
is to be noted that in 1974 the head distribution within a thin
layer like C4 appears to be concave. This proves for itself an

expansion layer in this year.

The results of simulation for transient cumulative compaction
of each of the three different depth intervals (a) from 1968 to
1978 for Ohgata and (b) from 1966 to 1976 for Yamanoshita are
shown in FIG. 10 (a) and (b).
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These figures show that the computed compaction agree within
the range of a few millimeters with the observed data of the
three observation wells, which are different in depth at each
field site.

Consideration of expansion of aquifers

The storage coefficient S%, for compaction of aquifers is far
less than Sz, of aquitards, whereas the storage coefficient S'e
for expansion of aquifers in comparatively close to the storage
coefficient Sge of aquitards. Therefore, in uplift of ground
surface due to head rise in aquifers, aquifer expansion may not
be ignored. In order to confirm the effect of expansion of
aquifers on the total expansion of a system, simulations con-
sidering expansion of aquifers for Yamanoshita was carried out.
For simplisity the storage coefficient S for expansion is

taken to be 1.0 x 107% (m-') for all aquifers. First, a simu-
lation result by using the same values of ground parameters
for aquitards like in Table 1 is shown in FIG. 11 (a). This

diagram shows that measurement of aquifer expansion cannot be
ignored if the assumed value 1.0 x lO'E(m") of S% 1is not too
large. Next, with the fixed value of S'% like above, the other
ground parameters are trial-and-error redetermined as in table 2
so that computed compaction and expansion fits closely to the
observed data (FIG. 11 (b)). This agreement in FIG, 11 (b) be-
comes a little better than the result of FIG. 10 (b) by not
considering aquifer expansion.

In future, more reasonable estimations and the uniqueness of
a set of values of ground parameters have to be discussed.

Table 2 Values of ground parameters for aquitards in each
: of three depth intervals used in FIG.11(b).
Site Depth (m) k {cm/sec)| Sgv (m—]) Sse (m )
Yamanoshital l ( 0~260)[3.0x10-% |5.5x10~2|5.5x%x 10~5
Il (260~ 490)}2.3x 10-% 2.3 x10-3]1,2x10-%
Fil (490~1200)17.0x 10-9 1.3 x 10-4] 1.3 x10-¢
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A MATHEMATICAL MODEL FOR THE HEAD VARTATION OF THE AQUIFER AND
THE PREDICTION OF LAND SUBSIDENCE

Shueng Shu-guang,Chang Jin-hui,Xie Kai-yao
Engineers

Shanghai Geological Department

No.17, Guangdong Road

Shanghai ,China

Abstract

The prediction for the head variation of the confined aquifer
and the maximum possible quantity of development under certain
head-variation conditions are the main topic of the control of
land subsidence.

There are measured data on groundwater development,the head
of the aquifer and the deformations of the layers in different
depths,which have been continuous for many years in Shanghai
area.With these measured really data and the digital time-
Sequence analysis method,the ARMA model for the head variation
can be determined.A similar mathematical model can also be
deduced from the theory of the groundwater steady-flow motion.

Further,the scurce functicn,the basic solution of the equation
of the groundwater non-steady flow motion,can be used and
simplified to obtain the mathematical model for the head varia-—
tion and the result of try for the calculation proves to be
reasonably acceptable.With this model,a reasonable layout of
developping wells can al1so be made.

The parameters of the model are discussed in this paper and
the results of the calculation by the method mentioned above are
also given.

1.Relationship Between the Quantity of Development of Ground-

water,the Head of the Confined Aquifer and the Deformation of

the Soil Layer

The city of Shanghai is situated on the alluvial plain of lit-

toral lithofacies near the estuary of the Yantze River, and the
groundvater is developed from the confined agquifers between the

157



Sedormation in the. |
. 2 ranpre!:lﬂc i

A e
én the 21 o
Waler tukle. 'iu.

ﬁt 2ad ,a,nm‘er

g e [ o . net rechanpe watter | i The vals F R . ! t . 1 |
T Hem |1 Sl ot f\,wgr:f:sz,f,m g W2 P I N

-

Fig.l.1

depths of 70m to 250Om.Long time a large quantity of groundwater
had been developed in the past (the maximum development was
550,000 tons per day),which caused the head of the confined
aquifer to drop heavily, yet it did not damage the bearing-
pressure of the aquifer.At present,the daily maximum quantity of
development of water is just below 80,000 tons.With the injection
of water into the aquifer in winter (to store up cold Source Sso
as to increase the efficiency of groundwater in use in summer) ,
together with the recharge of water and the elastic release of
wvater in the aquifer, the head of the aquifer shows a periocdic
up-and—-down variation every year.The rise and fall of the head
cause the expansjion,rebound,consolidation and compaction of the
layer.The relationship between three is obvious,as shown in
Fig.1.1.

2.The Average Mathematical Model ARMA(1,1) for the Natural
Regressive Slip of the Head Variation

It can be seen from Fig.1.1 that the development of groundwater

and the head variations show a steady periodic regulation every
year,and therefore a linear steady model can be formed by the
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digital time-sequence analysis.Consequently,ARMA(p,q) model is
used for simulation,when taking it into consideration that the
main factors of disturbance in the head variations of the aquifer
are the development or injection of groundwater,therefore adopt-
ing variaus models formed by (p,q) were simulated and error
analysis was made on the posterior prediction.Finally,the
ARMA(1,1) model for the head variations of the aquifer is deter-
mined as follows:
Hip1=80%2,Q qva sl (2.1)

where Ht is the head level of the confined aquifer at t,in m;

Qt is the quantity of groundwater between t-1 and t, in
10,000 tons;

t is time base, taking 10 days as a unit.

3.The Mathematical Model for Head Variation Deduced from Ground-
water Steady Flow Theory

The development of groundwater causes the head to drop,and assum-
ing that the aquifer is isotropic and the head drop is like the
shape of the cone of depression,the boundary of recharge of
groundwater is similar to a circle.

See right Fig.3.1,the
head at the center of the
cone of depression at t is
Ht,and the boundary head at

the radius of influence R is

Hy-R and Hy are constants R Seo 7
according to the steady flow ’ The schematic diagranm of
theory.The essential factors F’g 31 depression of water table

that affect the variation of
Ht are the quantity of deve-~
lopment Qt+1 during the time interval between t and t+1,and the
quantity of recharge qt+1.1f the head at the center of the cone
of depression becomes Ht+1 at t+1, the following can be deduced

from the steady flow theory:

__Xw
Hypt He= 1 Qg =2pq) Ho-H, (3.1)
The hydraulic gradient at + is: J=—g— (3.2)
According to Darcy's law: H.-H
29w (—22) (3.3)
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We can find q., , by integrating equation(3.3),and after substi-
tuting it into equation(3.1) and rearranging,we have

20,2 2,2
_ (K% BW K4V
—-(—E—)HO+E“Qt+1+(1+m)Ht (3.4)

(1 —KEEE)H
- 5
2 2 R

t+1

where K is the average coefficient of permeability of the aquifer
within the area of the cone of depression,in m/day;

W is the area of the cross-section through which water
passes the boundary of recharge, W=21rR2M, in m2;

M is the thickness of the aquifer, in m.

2 k%P

a8 _=—5—5—sxH
Let 0 x2y2_op2 © (a)

_ 2RKW
8= o2 (b)

2r® K%y
_2R%+x%w? (c)

a
2RZK%W°

2
Then the equation(3.4) can be simplified to Hy,q=80%a,Q,  tasH
which is identical with the equation(2.1) in form.The meanings
of H,Q and t are also the same.

4,.The Research of the Stability of the Parameters of the Model
and Their Laws
Every calculating year (from the first ten days in Oct. to the

last ten days in Sept. next year)is divided into two parts:head-
rising period and head-falling period,according to the consump-
tion of water and head variations in Shanghai,and the parameters
of the model have been found for the head-rising and head-falling
periods respectively by the Least Square Method.

The parameters given in Tab.4.1 were found conversely by subs-
tituting into Eq.(2.1) the head values of the IV confined aguifer
near Labour Park,Shanghai and the consumptions of water in the
eastern part of this city for the last 15 years.It can be seen
from these values that a, and a, vary little and that 24 is dimi-
nishing every year.This shows that the cone of depression is
expanding and that the boundary head HO at the radius of
influence R is not a constant but it decreases every year,which
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is in agreement with the existing Tabay  Todel parameters f